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ABSTRACT >

From the amalysis of a postulated loss-of-coolant and loss-of-

A\

emergency cooling accident in a typical herizontal pressure tube nuclear

L]

reactor, the need was established for a systematic investigation on the

t

boiling heat transfer coefficientbto be~expecfed on a 12.7 cm diameter
cylinder and a bdnd;e of ihese cylinders under saturated and subcooled
cénditions. To accomplish this, a three-part experimental ﬁrngram was
instigated.

In the Fifét part, a successfgl tedﬁhique based on a guenching
(transjent) procedure and the use of a heat Flux meter was developed to
measure directly the local boiling heat flux density around a large hor-
izontal cylinder (12.7 cm diémeter) as a function of wall temperature
under saturated and subcooled conditions., These experiments were com-
plemented by pertinent theoretical analyses. Although the surface aver-
aged critical heat flux densities are shown to be predicted very well by.
kngun ccrrelations, these experiments and analyses do reveal that there
is considerable variation of the local critical heat flux density (CFF)
around the cylinder. It was shown by high speed motinn pictures (1000
frames/s) and from quenching experiments on partially insulated cylinders'
that this variation results from the 1ntergction of the upflouing liquid~
vépour'boundéry layer with the boiling phenOmgna.. These results for the
' partially imsulated surface and for éteam injection underneath a singlé
copper cylinder are also presented.

In the second portion of the experimental program, a Five row
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by three column array of instrumented copper’cylinders was quenched to
determine the interaction effect on the boiling curve of the vapour-
1iquid mixture rising from tubes located below. This bundle was in-
vestigated under saturated and subcooled conditions. Results show that
there is a significant critical heat flux increase over the louer part
of the cylinder and no appreciable effect over the other parts. The
critical heat fFlux incfease is relatively independent of. the amount of
upflowing vapour. .

In the third part of the program, a steam-heated tube, 2.67 cm
outer diameter, was used to study the stéady-statq boiling character-
istics of heptane on single horizontal tubes. The average beiling heat
flex for each of these steam-heated tubes in a four row by three column
array was determined and compared with that- observed when eath was used
alone. The results show a substantial increase in the critical heat
flux value and essentially no increase in tﬁe nucleate boiling regime
on any tube when the }ower tubes were boiling. UWhen all tubes were &t
their critical heat flux, the average CH in the bundle was about 20% \
higher than the one optained in 5 single tybe experiment.

It-is recommended to initiate a study to calculate fhe pressure
drop in a herizontal boiler. -it is suggested that the apparent decrease
in the overall average critical heat flux for a bundle of tubes, which
has been reported in the'literature for horlzontél reboiler systems, |
may not be caused by vapour blanketing but may result from insufficient

liquidﬂbeing drawn into the bundle, by natural convection or the thermo-

syphun effect, to satisfy that required to generate thehv;pour if all
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tubes are operating at the critical heat flux. Some recommendations
4
for future work relating to this problem are presented.
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CHAPTER 1

INTROOUCTION
In a horizontal pressure tube nuclear reactor, the nuclear fuel
bundles are housed in pressure tubes, each 11.15 cm 0.0. by 0.4 to 0.5
cm wall thickness and the pressurized heavy water coolant flows inside

these tubes coaxially with the nuclear fuel bundles. Each pressure

4 \

¥

tube is housed in a.calandria tube (13.175 cm 0.D. by 0.14 to 0.16 cm
wall thickness), with the annulus between the tubes being maintained

by spacers located at appropriate axial locations. This annular gap

-

(0.87 cm) contains a dry gas to provide sufficient insulation between

the hot. pressure tube and the cool heavy water moderator surrounding
the calandria tube. A typical reactor may containt 300 tb 500 calandria
tubes arranged on a sqﬁare pitch with a pitch-to-diaméter ratio of
about 2.18.

Construction and operation of such a nuclear reactor {H Canada
require licenses from-the Atomic Energy Control Board. To obtain these
licenses, the applicant must submit detalled accident analyseshto the
Board. Oreof the accidents to be analysed is a loss-of-coolant accident
with coincident failure of the emergency core cooling system. This

postulated accident involves heat transfer ta the moderator- system as

B s P W Sy

Ry .
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a major heat removal mechanism. Thus a need arises to wndeérstand and
be able to predict boiling heat transfer behaviour on the outer surface
of 8 calandria tube within an array of similar tubes.

The prablem, then, is to provide design data relating to the
boiling curve and particularly the maximum heat flux to be expected
op a8 13.2 cm 0.D. tube which has part of its surface heated to some
high temperature and which is immersed in stagnant water in some given
subcooled state. This tube is located somewhere within a matrix of

similar tubes possibly experiencing the same phenomena,

The specific objectives of this study relate to the designer's

needs and may be summarized as follows:

~
-f

(1) To pfovide boiling curves for a single 12.7 .cm 0.0. horizontal
cylinder located in water at various levels of subcooling up to at _
least BDOC, higher if pogsible (the 12.7 cm diameter was dibtated by
the closest commercially available qiameter for a coppef cylindér).
This boiling curve should include the critical heat flux density as
well as the nucleate and transition boiling redimes near the maximum

»

heat flux.

[

(i1) To- provide boiling curves similar to (i) for horizontal cyi1n~

ders with oniy part of the periphery being heated.

(iii) To provide boiling curves for horizontal cylinders located in
o i ' .

a matrix of cylinders (initially with 3 square pitch having a pitch-

to-diameter ratio of 2.18) all of which are undérgoing similar boiling

phenomena.
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3,4

To provide this information, en experimental program has Beén

devised which has three elements:

(1) The unsteady-state quenching of a hot copper cylinder, equipped
with a heat flux meter, in saturated or subcooled water under pool

boiling conditions.

(i) The quenching of a bundle of copper cylinders equipped with heat

flux meters in a saturated or a subcooled pool of water.

(iii) Steady-state pool boiling of heptane from a steam-heated 2.67 cm
outside diaméter tube and a bundle of these tubes.

This thesis reports the experimentai results for each of .these
phases, -Chapter 5 for the single pylinder guenching, Chapter 6 for the
quenching of an array of cylinders, and Chapter 7 for the steady-state

experiments.
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CHAPTER 2
LITERATURE REVIEW

'The objective of this chapter is to review, in sufficient depth,
the salient theoretical and phenomenological aspects of the boiling phe~
nomena so that the uninformed reader maL comfortably read this thesis.
The major emphasis is an the critical heat flux aspect of boiling heat

transfer. o

2.1 Boiling Heat Transfer

2.1.1 Introduction

Boiling heat transfer, as considered here, is based on the change
of phase from liguid to vapour at the heating surface. The applications
of SQCh boiling heat transfer are numerous, not only in vaporizers but
*3lso in situations where it is desired to remove heat from a surface at
a higp rate with low wall superheat. Deéelopments in nuclear reactors
and rockets, where extremely high heat fluxes are transferred through a
comparatively small srea, have stimulated iatensive research into boil-
ing heat transfer.

If a temperature gradient or difference exists, heat will be
caused to flow. This temperature gradient or diFFerénce is a manifes-
tation of the thermal resistance to heat flow and this resistance is
Q8ualiy expressed as a conductance or by a heat transfer coefficient.’

The larger the heat transfer coefficient the smaller the resistance.

5
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This heat transfer coefficient will depend on the mechanism of heat

transfer (forced or natural convection, boiling etc.). In boiling heat

* transfer, it is shown that the heat transfer coefficient also depends

upon the temperature diFfereﬁce between the heat transfer surface and
the liquid. This variation is usually shown by a plot of heat flux 'den-
sity versus the temperature difference between the heat trangfer Bur%ace
and the liquid. It is thig variation which is being determined in béil-
ing experiments and the ‘plot is called a boiling curve. ;
Therg are two basic types of boiling: pool boiling and flow

boiling. Pool boiling is when the system consists of a héating surface

such as a flat plate or a wire, submerged in a pool of ligquid without
/

W

external agitation. Flow boiling, also referred to as forced convection
boiling, takes place in a flowing stresm where the boiling surface may
itself be a portion of the flow passage. A further subdivisfon of boil-
ing is saturation and subcooled boiling where the liquid buik tempe;a—

)

ture is at or below the saturation temperature respectively. Subcooled

boiling is also known as local boiling.

Although boiling has been widely employed in evaporators, boilers

and other ﬁrocess equipment for years, baslic knowledge on thié heat trans-

" fer phenomena is still lacking in many details. The main difficulties

arise because boilingﬁis a camplex phenomena involving the interaction
Df'fluid motion, heat transfer, surface and interfacial phenomena and
evaporation. Moreover, uﬁless extreme ca%e is taken boiling is not re-
producible. Pool boiling heat transfer is the prime intereét in this

project and will be covered in much d}eater detail in the sections to

follow. oL
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2.1.2 The Various Boiling Regimes (N4, RG, R9, w3, v1)

To acquire a physical understanding of the different phenomena
which are characteristic of the various boiling regimes, consider the
traditional electrically heéfed horizontal wire or flat plate submernped
in a3 pool of liquid at saturation temperature. Fiéure“2-1 illustrates
the typical dependence between the heat flux density, /A, and the
temperature difference between the heating surface and the.liquid.

This curve is typical of all boiling curves encountered in
boiling heat transfer. Its exact shape and location is determined by
a variety of factors such as the nature of the heating surface, pressure,
gravity, etc. which are discussed later. Part of the difference in
behaviour is related to the behaviour of the vapour near the heat
transfer surface. Figure 2.1 also illustrafes what uougd be observed
with'high speed photography in the region near the heated surface for each
of the bpiling regimes.

As the temperature of the heating surface is raised above the sa-

turation temperature, the liquid near the heater reaches a temperature

slightly in excess of saturation. This superheated l4quid is less

. dense and therefore tends to rise to the free surface, where vaporization

takes place. Although there is evaporation at the free surface, this
mechanism, represented b region A8, is called the natural convection
regime insofar as the conditions at the heating surface are concerned.

At point 8, the boiling process enters into the region of nucleate

boiling which is chateeterized by the qenefaticn of vapour bubbles at
favoured spots or nucl:;:?ﬁg\éﬁtes on the heating surface. The nycleate

e e Amiba i b e 2T F Y



bolling region will be diascussed in qrester deteil in section 2.j.3.
An increase in excess temperature produces a steep rise of the heat
flux up to point £, due to an increase in the number of nucleation
///éites; this creates more and more vapour in the vicinity of the heated
surface. Eventually point £ is reached where the nucleate bailing
mechanism cannot accommodate a further increaée in heat transfér‘rate.
At this point, a decrease in heat flux results as the wall temperéture
is raised because aof partigl vapour blanketing of the heat transfer
surface. Point £ marks the upper limit of nucleate boiling and is
termed the critical heat flux. The vapour blanket which forms at this
polint ;g\very unstable. It collapses and reforms ;apidly under the
actionhog circulation currents. This occurs in the region £F wnicn is
termed the transitio% boiling regime. This region is characterized oy
rapid changes between nucleate boiling and film boiling on the heating
surface. As the temperature of ;he heating surface is increased, tne
éurface tends to have s greater proportion of it covered by the vapour
film. At point F, the onset of film boiling,-tpé surface is entirely
covered by a stable vapour film and hence the Liquid is separated from
the heating surface hy it. The relatively low thermal conductivity of
the vapour film results in much lower heat transfer rates in film
\builing than those encountered in nucleate boiling. In the Fflm boflinq
regime, the heat transfer takes place by conduction through the‘vapodf
film. As the excess temperature is incréased, the heat flux increases

by conduction (since the tehperature difference across the vapour Film

increases); moreover, at higher temperatures radiant heat transfer plays

o~
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an increasingly significant role.

The preceding discussion was based on the assumption that the
temperature of the heating surface could be maintained at some desired
value. The characteristic boiling curve (Fig. 2.1) is readily obtained
when the heat source is a condensing vapour, ué&ess the system itself
is unstable as will be discussed later. However, in many cases, it is
the heat generation rate and not the surface temperature which is
controlled. Nuclear reactors and electrically heated wires are examples
of such systems. when an attemét is made to increase the heat flux -
beyond a value corfesponding to point E in-Fiqure Z'TL/#he boiling
process cannot remove heat as fast as it is genmerated unless the temper-
ature of the heating surface rises to some very High value above that
at point G. For most systems, this excess tempersture is so high that
the heater may melt. For thif reason, point £ is aoften referred to as
the "burnout heat Flux". This name is somewhat misleading since,

depending on the fluid and the material of the heater, physical destruc-

tion does not necessarily occur.

2.1.3 Nucleate Boiling

Introduction ,

Nucleate boiling is a process where a liquid undergoes a change

to the vapour phase at preferred nucleation sites on a heating surface.

The heaﬁing surface temperature must be in excess of the saturation
temperature of the ligquid under ebullition. The very high heat fluxes
obtainable with relatively low temperaturé differences makes the nucleate

boiling regime of great engineering importance.
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There exists today no completely satisfactory method of pre-
dicting nucleate boiling heat flux. The process of nucleate boiling
changes from the first bubble generation to the critical heat flux.
Therefore, some authors have found it ‘necessary to separate.the nucleate
boiling regime into several regions in order to correlate heat flux as
a function of wall superheat: Gaertner(G2) using high speed photography
of boiling on a horizontal surface at atmOSpHeric pressure, observed
thdt, as the surface temperature increased, the vapour structure passed
through three, and possibly four distinct regions. These are discrete
bubbles, vapour columns and vapour ﬁﬂshrooms,.and vapour patches. These
four regions were discussed by Dernedde(D1) and Raa(R2). Hsu(H5) and
Moissis aﬁd Berenson(MS) separated the nucleate boiling regimes into
two regions: region of isoclated bubbles and region of merging bubbles.
The vapour structure at the surface would progress from isg}ated bubbles
to vapour columns in a continuous fashion. They suggestedithat theY
average heat traﬁ;Fer coefficient should be determined by an appropriate

weighting of the two processes.

Bubble Dynamics

In the natufal convection regime, the liquid near the heating

. surface must be slightly superheated to account for heat transfer. As
the wall temperature is increased, a particular wall temperature for a
gQiven heaéir surfacé is reached where bubbles bégin to Fo;m on the heat
transfer-6urface. Therefare, the first requirement to produce a bubble

is a superheated liquid film next to the heating surface. The amount af

superheat depends upon wall surface condition, hea& Flux, qréssure etc.
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Liquid superheats of about s°C are usually required to form isolated
bubbles although homogeneous nucleation theories suggest a value about
an order of magnitude higher. It can be shown that the liquid must

be superheated in t%e region of a bubble because of the need for a
higﬁer pressure (vapour pressure) in the inside of a bubble in order

for it to exist. This excess pressure may be determined from a force

balance which leads to the expression:

AP = Py-Pr - —2—r"— (21)
where P¥ is the vapour pressure of the liquid corresponding to a given
temperature and Pf is the pressure at the given point in the liquid.

In order for the bubble to grow, the superheat must be even higher than
this equilibrium value. |

The roughness of the heéting‘sﬁrﬁéce has a major influence on
the liguid superheat required for nucleation since the conditions of
the surface determines the size of the cavities or nucleating sites on
the surface of thé héater. These cavities or crevices serve to captore
vapour or inert gas. Increasing roughnes; incregses the radius of the
cavities on the surface which in turm reguires less excess pressure and
therefore less superheat. Berenson(B86) boiled pentane on copper surfaces
at atmosphgric pressure and his data lend support éo the points concerning
wall superheat and surface roughness. For example,cby‘conditinning.
each heating surface with a different grade of emery paper, he abserved
a much steepef nucleate boiling curve for a rougher surface and that

a given heat flux could be supported at a lower wall-to-liquid temperature
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difference. Zuber(Z3) reports thgf an extremely highly polished heater
could sustain a superheat up to SDDC without nucieatioh.. However -the
curve w&uld Uvershuqt when:nucleate bolling did”sfart; this led to é
hysteresis in the boiling curve. Many authors, dating From.the garly
‘experiments of Corty and Foust(C10) have Hoticed this phenomena. The

first nucleation triggers the adjacent sites and therefore the heater

tools down.

r3y

The bubble rises when the buoyant force is large enough to

separate the bubble from the heatiné surface. Actually, detachment

occurs when the buoyant and hydrodynamic forces, tending to pull the
bubble away® from the surface, overcome surface tension and inertia’

forces which tends to maistain it in Ehat'poéition. The shape af bhub-
. , . > )
bles leav;ng the surface varies 'in a complex way depending on the @.r-

©

cumgtances of thelr formatian. If the viscosity of ‘the ligquid is

high, the bubble will be more flat. Uuhen the Jiquid is not viscous,

"

the éurfaée tension wiil be the prime downward force and the bubble will

.-be more spherical(R10). Rallis and Jawurek(R1) observed that when a
bubble departs, it.carries away a hot Jayei of liguid and continues to

_grow aftér'deﬁarturé until it reaches the free surface of the liguid.

Katto and Kikuchi(K1) came to the same conclusion by studying bubble

dynamics with high speed photooraphy.

Mechanisms of Nucleate Boiling

There has been a multitude of mechanisms suggested for %uc]eate

boiling; Zuber(Z3) in a boiling heat transfer review found that aveila-

ble correlations could be in error by as much as 13,000%. Chaudhri and
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‘McDougall(C3) did a study on surface ageing and concluded that no corre-

lation known today can be used over the entire nucleate boiling regime
even though a surface factar.is included. This demonstrates the com-
plexity of bQiliné'heat transfer. Tuwo different‘approachés have been
taken in studying'nucleate pool boiling. The First‘one'is to use high
speed phatography to study bubble behaviou; and thereby suggest models
to correlate data. The second approach %s.conce?nea with the overall

effect- of nucleate bolling and attempts to obtain empirical correlations

of the builing'ggfnomena by considering it as a process by which heat is

.transmitted.-

There is a gharp changegin‘slope of the boiling curve at the
onset of nucleate boiling. Heat fluxes for nucleate boiling at a given

wall-to-fluid temperature difference are much higher than for a single

- phase fluid. Therefore the FirsQ obvious methanism to bhe proposed for

nucleate boiling was that heat was removed'as the latent heat of vapori

zation. This‘model is commonly called'the latent heat transport model.

However, in 1951, Rohsenow and ) presented measurements on-sﬁb-‘
caoled bciiing heat transfer and concluded thét only a Fgu percent qf‘
the heat flux could be accounted for by thé latéht’heat content at the
surface. Rather, the magor portion of heat transfer could be accounted
for by the high degree of turbu18nce produced by bubble motion in the
vicinity of the heated surface. Forsper and Grief(F&4) proposed the
vapour-liquid ethangé'model as ﬁeing the best moﬁel to explaiﬁntheir

data. This model is a slight variation of-the'Rohseuow and Clark de-

scription. Moore and Mesler(M6) obsgrved with a ﬁigh respunse thermo-

) . N
couple that the surfate temperature in nucleate boiling periodically
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dropped 200 to BDOF, in about 2 milliseconds and then recovered relative-
ly slowly. They suggested thgt thé 9vaporat10ngof a microlayer of liquid
undef the growing bubble ¢€ould account for this rapid heat extractiorm.
Such microlayers have been since observéd by ifght diffraction methods
by Cooper ‘and Lloyd(é9) and more recently by Voutsinous°aﬁd-3udd(u2).
These observations cun?irmgd that it is a significant heat transfer
mechanism under some conditiaons particulariy ;t low pres;Lres. Haﬁ and
Griffith(H1, H2) found that when a bubble left the.surfacé it carries
with it the.thermal boundary l;;er surrounding the bubbie. Zubex(22),
Bénkpff(BZ) and Rallis andeJawurek (R1) have proposed similar models by
which Heat transfer in nucleate boiling regime is'accounted for by both
natqral convection and latent heat traﬁsport. Natural convection is
most important st low hedt flux valués; Latent héat transport is sig-
nificant at all levels of heg; %lux but becomes morg importanp‘as fﬁe
burnout heat Flix s approached.  In the light of this model, it is

not surprising that Rohsenow and Clark(R7) concluded that.only a few
percent of the heat flux could be éccounted for by the laEE:; heat con-
tent at the surfacg as they dealt with subcooled pool boiling.

| Judd and Merte(32) identiﬁigd six principal nucleate boliling
mugels in the literature. Thrpugh a series nf\experime ts done af'var-
ious degfégs of subcooling and écceleration, they tested their aata
;gainst all these six models. All fhe models investigated predicted

decreasing values of the heat flux ratio (pfedicted ovér measured heat

fluxes) as subcooling and acceleration increased. This suggests that the
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mechanisms upon which the models are basedAare not adequate. The
authors éuggest that mass transfer through the bubbles resulting from
the evaporation of 8 microlayer at the base of the bubble and the subse-
guent condensation of the vepour at the liguid-vapour interface is a
most likely prospect.

It is almost impossible to correlate nucleate boiling heat
transfer because it varies with different types of liquids, surface
conditions etc. Moreover, surface conditions (cleanliness, ageing etc.)
are a}bitrary and impossible to put in guantitative form. However, one
of the mast popular correlations for nucleate pool boiling is thqt

‘,preseqted by Rohsenow(RE6);

= Cst

Cot AT [(q/A) - ST 0-33.
A F’rfl'-{ ST I S o pt- pa) . o »

o

The constant Cst 18 an empirically determingﬁfﬁzg::;ty which is depen-

dent upon the way in which the -liguid wets the heatiﬁg surface. In a
recent paper, Fand and Ho(F1)"prpviqed a critical evaluation of
Rghsenow and Clark{s correlation and indicategwthat the coefficient

Cst is not a constant but a functioh of pressure. Nevertheless, they

" showed that the correlation is fairly accurate ié the range between

4 and 115 psia. . The main advantage in this énrrelation is that Csf can
be determined for a particular fluid-surface CUmbination in g unique

"

test at one pressure and results can be used at. all pressures(Kb).
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However, if the surface characterigtlcd channe, the value of Cst " wil) -

also change and it is impossiblé tg/predict this coefficient a priori.

4
¢

2.1.4 Critical Heat Flux \
- A

Introduction ' 3

The heat flux in tne nucleate boiling regiqn cannot be increased
without bounds. There is a point where the heating sur%ace cannot ac-
commodate any further increase in heat flux and a vapour ‘film is formed
thus adding a.resistance to heat flow. This point is the critical heat

. flux. The terms critical heat flux, burnout Heat Flux,.boiling crisis
and limiting heat flux in nucleate bdiling are used interchanqeab}v.
With recent developments of nuclear rescturs there is a pressing ol
faor methods to predlct the magnitude of the critical heat flux and the
surface temperature at which it occurs. As nuclear reactors are con-
stant power input systems, the critical heat flux cannot be exceeded
for safevoperation. Critical heat flux is Cery imeortant in this work

and will be discussed in detail.

" Mechanism and Prediction

e

The reason for the maximum in the boiling curve may be found by'

'examinlng the heat transfer mechanism-during boiling. As in the

"f1oodingd' phenomenon, ‘the discontinuous phase . (vapour) and the continu- -

ous phase (liquid) compete for the free volume(Z4). Raohsenow(R6) de-
scribes three models explaining the condition at critical heat flux and
T

they are briefly summarized here:
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(y? At the cfitical heat flux, the maximum number of bubbles occurs
which is'defermined by '@ critical bubble packing; exceeding this maximum
. leads to vapour blanketing.
‘}(ii) | The updraught of vapour flow inbibits the downflew of liquid -
‘requifed to replace it.
(iii) Vapour columns merée and this coalescence produces a vadbur blanket.
A&though these three different mechanisms explain how the cri-~
tical heat flux may arise, the final result is the same: for efficient’
heat’ transfer, the liquid must get tg the surface. Therefore, the cfi-
tical heat flux is characte?ized by a limiting vapour volumetric flow
rate from the surface. All analyses have led .to essentially the same
equetion for the critical heat flux from a hoeizontal flat plate, viz.:

| . | oglp-~ p )02s
- (a/A)c = Kp X [ et ] (2:3)
'oﬂ
(Q/A) . ' . .
where DN is a measure of the average velocity of the vapour leaving
9 . .

the heating surface. | A .
Kutateladze(4S5) postulated that the crisis in the beiling pro-

cess is a purely hydrodynamic phenomengn:‘the destrbctjon of stability

of two-phase flow- ex1st1ng close to the heating surface, AppIying simi—

larity considerations to the equations of motion and energy, he 1dent1-

¢ ¢

fied important dlmen510nless groups and then using experimental data he
proposed a value of 0.16 for the coefflcient Ke Zuber{Z?1, Z4), by ap-
p1y1ng a, Hefhholtz 1nstab11ity analy51s to the upward-flowing vapour

|

€olumns, arrlqed at exactly the same equation. In this analysis, he
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considered the criticai size and spacing of the vapour jets leaving the

surface; a K value of /24 was derived from this hydrodynam{c instability .

analysis. Berenson(B6) found that the level of critical heat’ Flux was
relatively independent of the shrface roughness. The.abové equation is

only a function of coolant properties and is theggfofe in agreefent wlth

e

Berenson's findings.

- .

- However, Rogers(R5) through a careful analysis of the' level of
critical heat flux for the different roughnesses of Berenson's data

found an increase of approximately 10%. Few duthbrs have tried to

" correlate thg critical heat'Flux.considering surface roughness.

?

Chang(C2),. by considering the surface conditions derived an equation for

- a flat plate'which is identical to the eguation derived by Kutateladze

‘and’ Zuber with a K value of 0.13. Gaertner(G1,G2) considered also the

effect of surface’ roughness and obﬁéined the following value for K:

W V2 e ‘-
4 A

Rogers(RS) assumed that the correlating variables were correct and found
that the avallable data suggested a value of 0.124 as the best ¥ value.

T?pre are mary other models whlch have been proposed in the literature

;ﬁr a horizontal flat plate: Rohsenow and Gr1ff1th(R8), Lienhard and

/Shrock(LS), Lienhard and Watanabe(L6E), Moissis and, Berenson(MS) are

// some. For a more detailed description of the varicus models the reader

is referred to references G3,“L2, R& and R9.
it_has been claimed and dispuied many times that hydrodymamic

instability is the cause of burhout in pooul boiling heat transfer.

(2:9)

/
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The fact that the question still peesists is not surerislng ln view
of the cuhfusion that has arisen over“lhe number of physical models
that have been proposed, and the efFect of certain parameters on the
max1mum heat flux, such as geometry, orientation and surface CDHdithﬂS,
which Few of" the models if any, are able to account for. Nevertheless,

the great success already achieved in treating this very complex prohlem

by analysis based 'on the hydrodynamic imstability theory is truly amazing..

Cobb and Park(C?),.attemphiﬁg to eliminate the different factors
affecting CHF such, as swrface variahlee have derived a correlation. which’
predlqts\CFF value %or ligquids which Fullou the theory of corresponding .
state. However the correlation requirés one burnout heat flux £a be ‘
Knodp. This could be very useful in predicting high pressure heat
Fluxes from atmospheric data; The éuthors claim that their equatinh ean
fit the data to an accuracy of better than 7%.

Lienhard et al.(L4) carried out critical heat flux experiments

on flat plates and found that Zuber's formula should have a K-value .

- of ‘0.15 (abaout 146% hlgher than suggested by Zuber). He found that the

-

predicting equation was good as long as the dimensions of the plate
are at least 3 Tayler wavelengths on a side.. This Taylon wavelength
or most susceptlble wavelength in a horlzontal liqu1d-vapour interface

was defined by the Followlng equatlon'

(2:5)
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They found that For:smaller,heatérs, the hydrodynamit theory requireé'

a wide vériation in he;t flux owing to discontinuities in the qumbér of
escaping jets. Data for smaller plates bear out. this p;ediCtEd varia- .
"tion with a critical heat Flux range bétween AD%{and 235% of the Zuber's,

predicted'value.. Hence, it is not surprising to fiﬁd that the value of

—

K has been suggested as ranging fram D.Q95 to 0.20(L2); in most cases, °
this variation-can be attribyted to the heater dimensions employed.

For ‘a large hlate,.hamever, predictions are quite .good if a K value

. °
\

of 0.15 is used.

Forced Convection -

»

°

Forced convection rngrs to a flow of liﬁuid relatipe'to 3

heating surféce caused by an external éource. This is the most common
. type of hgat trénsfer in engineering applicationsi Pool poiling with -
extgfnal agitétiﬁn is a type oé forced conuectian. Pramuk and westwaéer
(P6) studied thé effects of agitatioﬁ in pool-boiling heét transfer.
.They found that the superheat at which thé critical heat .flux occurs
iﬁcreased bith an increase of the degree of agitation. O0On the other
, hand, thé critical heat flux was incregsed bg 25% and an increase of up
to 100% was observed ét other heat fluxes. Théﬁ conq}uded that’the
«aéitation increased the frequency with which bubqies le?tlﬁhe surfaéé:
bdtvphe number of active sités remained essentially éans£ant. This
provides an explanation for the observations relating to the critical
heat Flux behaviour under forced convection conditions.

“Figures 2.2.sﬁows typical curves obtéingd with boiling heat

transfer im forced convection as compared with pool boiling. In single
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phase heat transfer the heat flux increases with increasing flow veloc-'
ity. Since above incipient boiiing if was observed that the effects

of* forced Eanvection seeﬁ to be superimposed on pool nucleate boiling,

' Be;gles and Rohsenow(B87) suggested that the superposition could bé ép-

plisd, viz.:'
(.Q/A)T:')TAL, = (g/A)soiuine + (q/A)convecTion . “(2-6)

~The§~suggested that the boiling heat fFlux could be calculated from the

Rohsenow pool boiling correlation and fhe convective flux from the mor-

-

mal single phase correlations. Morenvef, the critical heat flux could
be predicted from Equation 2.3 with the superimposéd convective heat
flux. It has been since found that this procedure, although providing

a good first approximatiaon, Bversimplifies the actual canvection boiling

. !
phenomena since interactions between -the two heat transfer phenomena do

ocqyr(CS).

Subcooling

®

Subcocled boiling hHeat transfer is obtained when boiling takes

¢

place in a bulk of liquid which is below the saturation temperature of
the boilihg Tiguid ;t the system pressu;e;- The dotted line in Figure 2.2
represents a typical curve obtained with subcooled pool boiling. A

. bubble generated at the heating surface rarely leaves the liquid bﬁlk,:
'but co;lapseé as a‘résultJUF condensation in the calder liquid. The -

effect of subcooling is to rapidly reduce the vapour volume near the

heated surface.

t

;
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Most of the correlations dérived to date show a significant'

increase in the CHF value as tpe\pegree of subcooling of the liquid is

increased. The most common correlations are:

Ivey and Morris(I2)

p

(q/A)c,sup o2s  Cp A

——— =1+ 0 [==]7 [—] ATswe

(g/A)c,sat S APy
Kutateladze(l5)

(q/A)¢,sus’ p 0923 . Cp

—_— ]+ [—J—] . [ ] ATsus

(a/A)c, sar P, 25 )

/

Zuber(Z4) haé'extended

his hydrodynamic theary to derive

(Q/A)k,sue 2k(Ta-Te) 24 . .| . P
= | + .
{g/A)csar . - Jrar T NPy og(f-R)
' whefe
. ‘ 'o- 08 ' P2 . 025
T = /277' [._.__.___._._.] | ! v

.

3 g (Pt— pv) og(Ps—Py)

o

(2:7) -

(2-8)

{2:9)

(2‘-|o)'

Ponter and Halgh(P5) performed experiments on a 0.6 cm diameter stain-

less sieel tube and found througﬁ a8 regression analysis that the criti-

cal teat .fluxes in the subcooled pool boiling of .water at pressures ih.'

the region of 760 and 400 torr and with liquid subcooling up. to

60°C are correlated by the expression

L

(a/Adc,sbp | ATsus
— = [-06 + I:()I5 :;;aj;;;*‘

(q/A)c,sar

(2:11)
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with a standard dev;gtfon of 0.106. At 760 torr the deta were best

fitted through the following equation: - /

(q/A)c,sus . ‘ \
——— = |.0l4 + 0:04458 ATsus , - (2112)

. & A
Heater Geometry ;

The geometry of the heater has no appreciable effect on the

(q/A)c,saT

nucleating mechanism since the influence of the bubble motion on the

fluid conditions is limited locally(M2, M3). However, the orientation
of the heating surface has an influence because, the bqbbie has to mave
up thruugh the liquid. Morebver, since its detachment from the heating

surface is affected by the buoyancy, the surface and irterfacia* ten-~

sion forees, the orientation of the é{iyity vector Telative to its

'directibn of growth will affect its detachment frequency and hence the

bolllng heat Flux._ Githinji and Sabersky(G6) studied the effect of

Amrlentatlun on heat flux by using a flat strip heating elementfinsulated

" on one side., They found that for a constant temperature differencé\the

vértical pnsitiun vielded the highes§ heat flux, the facing~up position
was éééond and the facing-ddwn poéition yiélded a very.lou heat fiux.
A cylinder has all orientatiuns and Rosta(R11) suggested that the local
critical heat flux af the louer part of a large cyllnder could appnoach.
that oF a dounward-Facing surface.

Lienhard(81, L3 S5) derived an analytical correlaticn for

critical heat flux .by taking into accuunt the geometry and size of the

“heater. He suggests that the overill CHF of a large horlzontal cylinder

v
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should be about 0.9 the critical heat flux value predicted by Zuber's
equation. This prediction has-a variance~of_about ¥10%. Earlier,
'Bernath(B10), McAdams(M3) end Breen and Westwater(B12).came to a simi-

‘lar conclusion. However, all exueriments to date have been performed

. Puars

with very small diameter cylinders (smaller than 2.5 cm in diameter)..

y—

Power or other heat source limitations precluded the use of larger di;'
ameter cylinders in steady-atate_experimentsf In this project, this

limitation is overceme by employing a fast response heat flux meter and '

It bl vl U b D etk

. unsteady~state guenching experiments. - The only assumption is that the
heat flux is determined by local conditions only and is independent of
previous history. ' o . ' : c

All these predictlcns only provide™ inFormatlon cancernlwg the

<

2 P ot n <

overall or average critical heat flux Fur a surface, they provide no

information concerning the local variation over a surface such as around f

e

a large diameter chinder where the surface orientation varies relative

to.the gravity vector. . As early as 1958, Lance and Myers(L1) found that

the nucleate boiling heat transFer ¢coefficient varies substantially wlth

e

angular p051t10n on 3 cm and 5 cm copper tubes, The greatest varlation cet

on a tube was such that the max1mum cueFFicient was 1205% greater than

the minlmum. The variation in local boiling coefficients was Found to-
. A

decrease as the heat flux was increased. Stolz et al.(S4%) used 8 so-

phisﬁicated calorimeter megthod in their quenching_experimente involving
a 5 cm diameter sphefe. They eheued that there was en appreciable var- P
. iation of critical heat flux around a sphere, Being higheef at the top |
and smallest at the bottom. TheldiFFerences, hbwevér; were not elways '

/ : ~ -
detectable in the cooling curves, since detection required both an
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accurate teﬁperature.determination and a sensitive evaluation proce-
dﬁre(Pui. Since it is well known that artificial agitation pausés a
significant«increaée in Eoiling cdéfficients, it appears'likng that
the liquid-vapour mixture rising from the lower portion ofua horizontal
tube should haqe an.effect on the heat transfer charactéristics of the

upper ﬁoftion of the same tube or cylinder. Since the magnitude of

this flow wil)l be affected by the size and geometry of the heating
surface, somd effect is exﬁécteqrqq\jiiffﬁéal value of the hoiling heat
transfer rate. - ’

Factors Affecting Critical Heat Flux

[

As mentioned earlier, an increase of about 10% was found in
Bgrénsén(B})'é'daﬁa due to surface roughness. Howgver'tﬁe 10% increase
in CHF was obtained by cansidering'%bm éxtreme surface ani;hes; there-
fore for an average surface fipish it can be concluded that the critical
heat Flux ﬁs independent of éurfacg‘conditionsf This is very important - -
in this study becsuse é copper surface was used insfead of a Zirtaloy-2
surface of the Calandr%a tube. Although the critical heat flux will be i
essentially the same, "the wall superheat at which it occurs_wili-still
depend ﬁn surface.

The level of liquid inn@fsion has little effect on the critical - -
heat flux value Eeyond’a certain depfh(Sh). Results shpw!tha? a‘liquid

level of .2 cm to 13 cm above the heating surface do not &ffect the

" boiling curve(N2).

Farber and Scorah(F2) found an in dase in the critical heat ; )

flux when the pressure was ingreased fro atmospheric pressure to. 100

3]
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psig. Kutateladze(K5) presents the critical heat fIﬁ% data for various
liquids as a function of preséure. For low or near-critical pressures,
the value of the’critical heat flux tends to zero while it goes through.
a maximum at a preséure corresponding to approximately 0.35 times the
critieal pressuré. |

Costello anﬁ Frea(C11) claimed that tests run with distilled wa-
ter showed CH valﬁes of 130 uJ/cm2 on a 0.5 mm diémeter stainless steel
semicylinders whereas a value of 202 w/cm2 using tap water was_déterminedl
Hoever, these testé.were testing the influence of materials deposited ’
on the surface anﬂ the high value was only obtained after a .long boil-
ing time in the tap water. A pjgt bf this experimental project uség ‘
%ap water; however, because of Fhe rel%tibely small time of qﬁenching

there should not be a major effect.

2.1.5 Transition Boiling

Beyand the inflection point of tﬁe,boiling curve.(qritical heat
Flux), there is-a decrease in heat flhx as the wall superheat i5 in-
creased. The surfii? is ﬁartially blanketed by an'unétable vapour Fiim.
It is the region of transition from nucleate boiiing (through an inter-
mediate stage in which nucleate boiling coexists with unstable accumu-
latians of vépou; bqbbleé) to film boiling. This vapour film has been
shown ‘to Form and collapse periodically. For this reasan the term |
"unstable film boiliﬁg" is often used to dggcfib% it (C12).
' Using high speed photography, west;atgg and Santagelo(Wt) .
showed that there is no conta;t'betqeen'the heating sur?éce and the
boiling liquid in‘the transition regime: ’They cqpcludgd that when a-

vapour burst was Farmed, the liquid rushed toward the heating surface

+
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but a minieturé explosion of vapour occnrredﬁbefore contact was made,
However, Berenson(B6) could show experimentally that the transition
regime is a combination of nucleate boiling and film &011inq, both
processes being unstable. He found that the tranéition reqion was a
function of surface conditions and that the %ilm boiling was not. He
also concluded that the variation of average heat flux with wall super-
heat is dependent on the fraction of time with uﬁich each boilinqg re-
gime exists at a particular position on the heating surface. éankoff
and Mehra(BB) proposed a quenchlng theory for transition boiling which
1s in agreement with Berenson S Flndings. This model is based on the
heat removal which occurs when the liquid contacts the surface and cools
it. X

As the excess temperature is increased the heat flux decreases

dde to a greater portion of the surface being active on the average,

in the film boiling regime. Finally a pdint is reached where the sur-

face is complétely covered by a vapour Film. At this point, this film

is stable and a minimum in the boiling cur&e is observed. This is

referred to as the Leidenfrost point or simply as the point uF minimum

haat flux. e \

Zuber(Z1) carrleg out a hydrodynamic Stablllty analy31s on the

vapour film and from it developed the following relatiOnshxp for the,

.

minimum heat flux; . | ‘ ///~4

cg(f-R),7%
2

(a/Mmis = CB A |
] (ﬂ +P, )

| (243)
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This is generally considered valid for large heaters. The coefficient,
'C was determined empirically as 0.13 bQ‘Zuber(Z1) and 0.09 by Qerenson(BS).
Many other equations have been proposed based on the ‘'same hypothesis by
Berenson(B5) and Lienhard(L5, L7). Chang in a discussion of Bernath's

. work (89) remarked that

(q/A) max
(q/A)min_

= 5-75 +20% N (2-14)

for water, benzene, methanol and cyclohexane.
”»

Transition boiling is difficult to achieve with an electrical

heating system unless a sophisticated feedback control system is emploYed.
Even if a'hiéh;enfhalpy condensing vapour, such as steam, is used as a
heat source\:?esse(HB)\indicates through an ana]y81s involving relsative

o
thermal capacities that operating in this transition boiling regime
may not always be possible. He derived a criterion that has to be met
for an evaparator to allow it to be operated -in transition boi]inq:
The wall through which the'heat Flaws must have sarficient heat capacity
and re51stance such that it does not respond to rapid variations in
heat PIUx that occur in tran81t10n boiling.” Therefore, unstable transitiaon
- boiling can be)expetted to occur om ) thin wall tube unless sther

precautions are t8ken.:

2.1.6 Film Boiling

Film bciling is the regime of builing during which the l1quid .

xand the heating surface are always separated by a stable film of vapour.

’ .

.
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This film of vapour becomes the principal therﬁal resistance for heat \\\J,'

flow. A good literature review for film boiling from a horizontal

surface can be found in references(B5) and (KH4) and from a cylindér

in reference(N1). ' .
There are two héat trapsport processes in film bolling:

conuecti&e-canductive andwradiative. In‘the first process, heat is

transferred b conduction across the vapour film to the liquid where '

it is absorbéq.as latent heat. “ Vapour is rgmoved from this interface

by the vapour gubbles releasing periodically in a regﬁlar fashion from

the oscillating }ilm of vapour. Bubbles produced are much larger than

those in nucleate boiling.- In the case of cylinders, the vapour flows

to the top of the cylinder where the vapour bubbles are formed. The

Film thickness increases toward the top of the cylinder ;gnd an
14

©

oscillating film is.preduced over the upper surface.
The contribution of the radiation mechanism will only'becomea
important when ihe surface temperaturé is very high. The film bo%fing
Drocess‘is }ndependent of the surface material, cleanliness and -
r0ughnes§ as iong as the height of roughness is less than the Film

thickness(B6). However, when radiation becomes significant the heat

. flux can depend on surface conditions(812).

2.1.7° Boiliqg_}Eat.Transfer in a Tube Bundle

/

’ . - N
Most of the research in pool boiling heat transfer has been
done with only one tube and very little is known .of the effect of vapour

generated by 3 multitubi bundle on the boiling heat transfer rate of any

!

-

3
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tubé within the bundle. However, there is considerable_evidence tha the
heat transfer coefficient expected in a tube bundle may be appreciably
reduced by the vapour'generation Froo boiling on the lomer tubes. A good
literature review which pertains to thiﬁ problem is given by Rogers(RS).
Only a few references have mentibned—%ﬁe bundle effect in pool
boiling heat jraos;er. McAdams(M2) compared the performance of a small
sixty tube evaporator (p/d ratio = 2> wito results obtained on.a single
tube and no appreciable difference was noticed. Kern(K2) suggested that
aumaximum heat flux of 3.8 Wcm2 to be used as a rule1anohumb in design-
ing a multitube evaparator to account For.vapour blanketing regardless
of the boiling liguid used. However, Palen and Tabarek(P1) report heat
flux as high'as 7.9 w/cwz. Molek (M1) proposed a new correlation to pre-
dict the effective heat flux to nucleate boiling‘liqulds.and presents an

example in his paper where he predicts an average heat flux of 3.4 w/cm2

for water due to fouling. It, in fact, predicts the rule-of-thumb-of Kern.

~ Palen and Taborek(P2) present a review of the current methods
usually employed in industry to predict boiling heat transfer coeffi-
clents in a tube'oundle. They theo oroposed a newfcorrelation hased on
L sta;lstical analysis of considerable data From existing industrial re~
boiler systems to predict the bundle effect. They have taken into con-
sideraticn the effects of tube layout geometry such as pitch-to—diameter
ratio, distance between tubes, projected tub; area and tube overlap,
the specific vplume enclosed by ane typical tube layout paﬁtern and

finally the number of tubes in vertical tube rows.: They havelalso

.

.tageglin¢o consideratian the effeots of vapour accumulation -and the

vapour remaval mass velocity to obtain a rather complex relatio ship(PZ)
. . .

§ SdShmapeas
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R typical prediction of - this aquation‘is niven in Figure 2-3 for different
pitch;tp~diameter raﬁio: The.éveraqe boiliqg heat transfer coefficient
for a multitude bundle is lower than a single tube‘and becomes wWorse

-as the pitch-~to-diameter is decreased: This decrease is attributed to

the availability'of liquid in the ‘bundle, A decrease in the spacing
betwegn tubes increases'the vapour retention and restficts }he liquid
flow. ' |

Palen and Small(P1) presented a cgf%elation to predict the
critical heat flux Frﬁm a multitube bundle. They found that the vapour
Dianketigg is a function of tube spagfnq, bundle diameter and rate.of
uapou£ gene;atiun.. Their correlation is said to be acéurate to‘@ithin

- 3% but‘does not account‘For fouling effects,

AR recent study of Palen et al.(P3) pregen§g& a qood review of
pool ﬁailing in horizéntal'multitubq evaﬁorators.{ fypical tube‘ﬁundle
boiling is presented on Figure 2-4. The critical heat flux for a bundle

‘iS'considérably less than For-sfgglg t;bes. However, a higher heat
Flux‘is'oﬁseéved for a tube bundle than that obtainéd with a*singleu
tube ét the same wall superheat 16 fhe nucleate boiling regime. They
suggesfed'that tnré ariées because Dflthe greater turbulence generated

13

: by ‘the boiling in.the.bundle. They also found that the tube layout wds

not significant although the pitch-to-diameter ratio-has a great influence. °

They reported that the'rising bubbles from the lower tubes can genérate

turbulence which in turn can increase the heat flux at the upper tubes

hd .

" over that expected for a single one if there.are only a few rows (4 to

o

6)_in the bundle.

[
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Robinson and Katz(R4) studied the bundle effect in an arrae of
tubes under low nucleate bolling conditions. They abee£ved a signifi-
cant inceease in the non-bubbling regime!but found no effect at higher

heat fluxes.

1

Rogers(R5) used Palen and Small's method to predict the critical

‘heat flux to be expected in a multitube bundle of geometry typical, of

the horizontal calandria in a CANOU nuclear reactor. This analysis
suggested that the critical heat flux could be as low as 28% of that

obtained for a singie tube.

2.2 Quenching Boiling Curves -

4 . . :
Because of the power or steam requirements (heat source), most

fesearch on boiling under steady-stafe conditions is restricted to using

relatively small test specimens. For this reeson, more recently, re-

" searchers have been using a quenching technigque to study pool boiling

- heat transfer. ‘Quenching offers the advanta@e that there are usually

no sericus limitations as to heat source requirements or size of the

heat transfer surface undergqing Boiling. Quenching has been studied
for a long time by metallurgists. 'They control hardness by’;equlating
¥he temperature‘history'pf the eeeeched p?ece;

The basic idea in a queeching experiment is to heat the object
to.be quenched)to a desired temperature and then follow the temperature

history of’ the object as it is being‘quenched By a proper thermal analysis |

i

af the test object, a boiling curve may be obtained. Usually this involves

starting at sufficiently high temperature to operate imitially in the
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film boiling_regimé and as the object cools, pass through each of the
bbiling"regimes in turn, including the critical hest fiux, It is i
portant to note that these quenching experiments invalve studyiﬁg n:xg
bﬁiling under unsteady-gtate conditioﬁs. wﬁether boiling under fhié
transient condition is the same as that observed under steady-state ,
conditions has led to considerable'coﬁtroversy in-the literature, as

-

will be discussed later. |
| In the ;ectiona to follow, the methods of oﬁtaining boiling
curves from quenching data will be described. The calorimeter method
'will‘se descriPed first; thig'is followed by tﬁé heat flux meter teche
nidue. Finally, the applicability of the quenched boiling curves

generated from quenching Experiments to those obitained from steady-

‘state experiments or vfce.versp will be discussed.

2.2,1 Calorimeter Method

. &

’ .

All the quénqhing boiling curves obtained so far employed a
'singlé or a few internal'thermocoupleg&fipfnllow the'temperatqre his-
tory of the quenched piece. Most oé the peaearcﬁérs,used only aone
internal thermocouple and ugually assumed the Systém QP bé thermally
lumped, that is at a_ﬁniférm temperature throughout. ;h:s involves
making the tacit assumptions that thé'Blot numher (B = hR)k) is small
and éhét the process is qﬁasi;static. Kreith(KL) suggests t; t as long

as the Biot numbér is less than 0.1 that the system can be lumpkd.

Bergles and Thompson(B8) suggest that Bi at the critical heat f1

dengity should not be much more than 0.4 for accuracy. The heat flux
. . @ ) '
can be calcylated from an appropriate heat balance using the curve gf

~
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the temperature ae a functi;n\EF\iimet

oV dT - L
(q/A) = = (—) PCp (—) (2:15)
A dt :
However, when the heat flux is high enough to cause an appreciable
temperature gradient in the specimen, the boiling curve may not repre-.

sent the actual phendmena. In this case, many thermocouples should be

inserted at appropriate locations inside the specimen.

Bradfield(B11) used the quenching technique with a single thermo-'

couple located at the centre of a chrnme-plated ephere. 'He.aesumed his
system to be thermally lumped. In this case, this assumption was vélid,°
.because his experiments ‘were performed in the film boilinq region where
relatively small heat fluxes are enCOpnéered.‘ Stolz et al.(S3, 54)
introduced neny thermocouplealinside a sphere for a hetterlrepresenta-
tion of the temperature time hietory. A caleulaiiun method termed the

) "inveree heat conductinn problEm" was used'to solve for the heet trans- ’
fer at the surface(SB). In this method, the. calculation nf the transi-
ent eurface heat flux and the eurface temperature can be ubtained by .
matching (called inverting) a temperature history measured at some loca-
'tion ineide the quenched specimen. Siol; gt al. reported ‘that they
obtained gnod reproducibility. Mani-eethbre have ‘dealt with the trenf
eient\pfoblem in‘nore sophisticated. ways(B4, Ck, CSf'f1, Séo by using
'difherengxforqe nﬁ the inverse problem. Burggraf?(81$) Iina general.
paper deeling with the theory and spplication of the inverse problem

derived an_Exact solution of. it. However the word "exact" is not

necesearily true, hecauae this method makes use of inexact temperature .

A
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measurements. The limitation is not in the method but rather in the
accuracy of the, available cooling curves.

The main advantage of the caloriméter method is that it is
simple and easy to use. It is a very useful technique when relative
shart test times are avallable sugh as 1n the dropping tower used by
Merte énd Clark(M4) ta study boiling under reduced gravity conditions.
On the other hand, this method cannot account for anguler variation in
heat flux around a test -8pecimen unless many internal thermocouples
are used. Stolz et al.(S4) claim to be able to measure variations in
heat flux by this method; for example, they report that critical heat

, Flux on the top of a sphere is higher than that on the bottom.

2.2.2 Heat Flux Meter Technique

A heat flux meter, as implied by its name, gives a direct

measu;ement of yhe heat flux out of a surface after p?uper calibration.
A heét flux meter based on a design opiginaliy suggested by Gardon(Gh,

\
G5) has been successfuily used by Dernedde(D1) "and Réo(RZ) to measure
instantaneous boiling heat fluxes. ‘vamanis(Y2) used these meters to
méas;re‘the instantaneous heat flux in a scraped-surface heat excHanger..
The same type of heat flux metér was successfully used by No;thovef and
Hi tchcock (¥3) in radiation experiments.

The heat flux meter forms an integral part of the heat transfer

surface. It consists of a thin metal disk machined into a copper heat,
p .

ransfer surface; one face of the disk is irvolved with the heat trans-
fer process; the ather Face‘is {nsulated. * There are three constantan

wires saldered into the disk, oné_lecated at its centre.and the aother
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@uu at the edge of the disk. This allows the simultanecus measurement
of the surface temperature by one of the edge thermocouples; the other
tuo.provide a measure of the temperature difference between the edge and
the centre. UWhen heat flows out of the surface, the thermal resistance
of the disk gives rise to s temperature difference between the .centre
and the edgeiof the disk. This temperature difference is proportional '/
to the magnitudé of the heat flux density at thé surface. A paint on
the boiling curve can be obtainéd.by measuring the surface temperafure
éinultaneously with the éentre—to-edge thermocouple which provides the
appropriaté average heat flux densiiy. N
|

Assuming a Lnifurm heat flux over the disk surface and negligi-

ble temperature gradients over the disk thickness (radial heat flow

L —

~

only), Dernedde(D1) deriveqagn equation expressing the average heat ‘liux
density over the disk in terms of the e.m.f. generated by the pair of

copper-constantan thermocouples, viz.:

4kota AE
(a/A) = —— - (2:16)
Ro ) C )

-

where C is-a function of the thermallconductivity-variation with temper-
afure and the temperature e.m.f. characteristics of the couplé. With a
Eoppe} disk and reasonable dimensions for the heat flux meter (0.48 cm
diameter and 0.05 cm thick), the thermal gradients in thé z-direction
can be shown to be very small. The coeffigient, C, depends on tempera-
ture. Dernedde used the edgg temperature to calculate the variable C
because it is not a strohg function o% temperature. On the other hand,

at high heat fluxes the centre-to-edge temperature diffgrenée may be

)
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significant. Moreover, since the heat flux in boiling is dépendent

upon the wall temperature, the heat flux shouid vary over the disk sur=~
face. If the vériatign of heat flux with tempéra%ure is linear over
this range, then an average value will not introduce appreciable error.
The appropriate wall temperature sheui;, houever,.be the average temper-
ature of fhe disk, not the edge thermocouple &s used by Dernedde and
Rao. The question of how large a surface area is required to obtain

reliable average boiling heat fluxes still needs to be resolved. Cer-

tainly the boiling curves chtained by Dernedde and Rao far the boiling

_ of thin liquid films compared favourably with other pool boiling data.

Northover and Hitchcock(N3) use Equation 2.16 along with the meter's
average temperature in their radiation studies. Some additional analy-.
ses of other effects associated with these heat flux meters uili_bé &
presented later in Section‘h.k.Z.

In this project, this heat flux meter was used in transient
boiiing Heat trahsfer._ It bas many advantages aover the transient calo-
rimeter method. Tﬁé heat flux meter can measure Hirectly the heat flux
out of a surface bﬁt more specifically it can measuré the local heat
flux and thus easily determine angular va;iatiﬁns. Yamanis(Y2) obtained
an unstéady state solution of the heat flux meter and thus determined
the time canstant of 7 msec for a meter of similafcdimenéiohs as. used
in this work (0.397 cm diameter by .0254 cm thick). Hence with rela-
tively slow cooling of the test specimeﬁ, the meter should follow the

heat flux variations quite well.

x . . ) ‘
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2.2.3 Quenching vs Steady-State

Considerable controversy existe in the literature concerning
the uncertainty of the applicabiiity of the boiling curves obtained
ender steady-sfate conditions to those associated with transient bebav-
iour and vice-versa. Some authors say that they are equivaslent and
others argue they are not the same.

Bradfield(811) and Mer;e and Clark (M4) used transient boiling
curves assuming that there is no difference with those obtained at
stead&-state. After reviewing the literature, Bergles and Thombson(BB)
ocbserved that in general quenching experiments produced lower critﬁbal
heat fluxes at higher wall superheat when cpmpared to steaqy-state exper-
imentsl data. Moreover, the minimum heat flux was also shifted to
_higher tenperature. They did the}r own experinents and came to the
conclusion that there 15 a significant difference between boiling curves.
obtained at steady-Etate and those obtained with quenching. A carefel‘

2

examination of their experimental procedure and results suggests that

/

extremely heavy oxidation of the boiling surface prevalled.,” This prob-

" ably explains the lowering of the critical heat flux ghd the éhiﬁt.of
wall superheat to higher temperatures that they observed. More recengiy
Veres and Florschuetz(V? argued that the difference between the:steady ‘
'and unsteady-atate results that were observed by Bergles and\qhompson
arose because they falled to use the same heatere in both transient .and
steady~-state teats. _But the heaters for the two situations d;ffered
~1little iﬁ*shepe and in initial surface condition. On the other hand,

. . . .
Veres and Florschuetz did obtain similar critical heat flux results

N
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under steady-state and unsteady-state conditions when they quenched the
same heaters as long as the heaters were kept fairly cleen during the
quench. They did observe that if the heavy oxide layers which formed
during the preheat period were allowed to remain on their specimen
duriQQ the quenching experiment, deviation from the stesdy-state ohser-
vations resulted. The deta of Tachibana et al.(T2) suggest that for
very rapid coolinp the critical heat flux vélue will be higher from
quenched data than from steady-state meaauréments. For relatively slow
cooiing they are equal.

More recent studies provide more detailed considerations on the
validity of,qUenching data. Johnson(J1) studied transient boiling in
water.with exponeritial heat inputs on thin metallic ribbons. His re-
sults showed that for céoling periods greater than 5 msec the iransient
nucleate boiling is a good represeﬁtation of steady-state data.
Tachibana and Enya(T3) concluded that bolling heat transfer rate
measured under rapid cooling conditions was in very.good agreement
with that obtained at éteady-atate; They observed better agreement
in the nucleate bolling regime than that at minimum heat flux. They
used a cylinder less than 2.5 cm 0.D, in very rapid cooling éﬁd found
good aéreement with steady-state data. In ‘his p¥oject a 12.7 cm 0.D.
cylinder was used mhicﬁ has more than 25 time§ the thermal capacity of

their small cylinder; therefore, the cylinder was submitted to a rela-

tively slow cooling rate.

In conclusion, this chapter has shown that the present state of

the art is not sufficient to provide the data pertinent to the present

B ot e e = v a—
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problem. Therefore, the data must be obtalned through an experimental

investigation.

JCE DN

g = NP

LT



CHAPTER 3

DESCRIPTION OF EQUIPMENT AND E><{RINENTAL PRCCEDUT

v

This chapter covers the description of the various equipment
used throughout this investigation. It is divided into fogr main parts:
The first section deasls with the description of ;he apparatus used in
guenching a single horizontal €ylinder. The second section deals with
the description of the apparatus used far the steady-state‘calibratiOn
of 8 heat flux meter. This is followed by a third section which pre-
gents a description of the equipment uéed to obtain unsteady-state
measurements in an array of tubes. Finally, the fourth section dei

..scribes the apparatus used for steady-state experiments in tube bundles.

Each section contains the actual experimental procedure used for each

specific study.

3.1 Apparatus for Unsteady-State Experiments

<

3.1.1  Instrumented Copper Cylinder

It was desired to establish 16cal boiling curvés for a-long
" tube, 13 cm in diameter, at varigus conditions as described in the
Introduction. To accomplish this,'a quenching technique wes used in
which a copper cylinder, 12.7 cm in diameter by 7.62 cm long, was
heated to a high temperature and quenched in a pool of stagnant water
at the desired level of subcooling. A guenching technique wasAused‘
because to do a corresponding stcady-state experiment would reduire an
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enormgus amount of énergy because of the relatively large boiling sur-

face involved.

A diagramatic skgtch of tﬁe copper cylinder assembly is presented
in Figure 3.1. To simulate a lcng'calandri; tube the ends of the cyl}q:\-/)
der were insulated with transite disks. The transite disks were 2.5 cm
thick and 1532 cm in diameter; the inner Facé'of the transite disk was
machined to a depth of 0.63 cm aver the inner 13.0 cm diameter. This
recess accomodated the ends of the copper cylinder; the two transite
disks therefore served as a holder for the copper cylinder as well as
to insulate it electrically from the metal frame and thermally from the
surrounding liquid. The éylinder was instrumented with a heat flux me-
ter’mhich provided a direct measureméﬁt,‘upan proper callbration, of the
.local heat flux density at the surface.

A copper surface was used in this study, instead of a zirconium
alloy surface as in the calandria tube, beéause of the need for a high
thermal conductivity material to ensure that the surface of the cylinder
rémained near the average temperature of the cylinder during the transi-
ent. Since, Berenson(B6) found that the surface texture ‘and material has
little effect on the critical heat flux density, it ig expected that the
results obtained in this study should be spplicable to the calandria
tube. Copper uaé glsa chosen sa that it would be compatible with the
heat flux meter which is described In the next section: First a thermo-
couple of known temperature e.m.f. characteristics was required and sec-

L4

ondly the material of the cylinder has to be the same as one of the

connecting wires. For convenience this should be a conventional ther-

mocouple.

1
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3.1.2- Heat Flux Meter : a \ ﬁ
( ar’

This experimental project relied heavily on the performance of
a heat f}ux meter which was an integral part of the boiling‘surface."
The detalils of the heat flux meter are shouwn at the bottom of Figure 3.1.
Many prablems were encountered in the coﬁstruction of the heat flux
3

meter. Appéndix E gives a brief description of these problems. Only

the description of the final design and fabrication praocedure is given
’/
here.

The experimental program employed a disk-type heat Flux meter
which formed an integral part of the copper cylinder. A heat flu§,mefer
was first constructed in a small cylindrical ﬁlug;'1.27 cm diameter by
2.54 cm long by drilling a 0.476 cp hole fram one':lat face tqd£§thin
0.635 mm of the other flat surface; the bottom of the hole was made \
flat with a specisl drill. Thus a thin circular disk was formed on one
face of this cylinder. Using a high speed drill; three 0.279 mm hnl;s
were drilled, two on the edge and one at the centre of the thin cirCU-
lar disk. Three ;ZSA mm constantan wires were silver soldered with an
acetylene torch. GSulfuric acid was uggd to remove the oxide layer which
formed during the %oldering operation. A 1.27 cm hole was drill&g“in
the larée copper test cylinder in . order to accept the copper plug. The
dimension of the plug‘wés between o.ubz to .005 cm larger than the hole

in the copper cylinder. The plug was press-fitted into the hole using

pressures greater thad 40 MPa on an Instron testing machine. The cylin-

der and the plug were then machined together in a lathe to provide a

cyiinder of known diameter. Usually;a thickness of 0.127 mm was removed .
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thus leaving a nominal thickness of 0.508 m; for the heat flux meter.

The final step was to polish the entire circumferential surface with

4/0 emery péper. —~
This press-fitting procedure ensured a good thermal contact

between the plug, which contained the heat flux meter, and the rest of

the cylinder. In fact, the interfacial joint between the plug and the

cylinder was hardly discernable even under low magni?ibation. This

!

method of conéﬁiQEtion did, however, produce a number of practical dif-
~

ficulties, chief among which was the unknown exact dimension of the

-

'thitkness qf the disk. In addition, some distortion of the plug could
| result during the press-fitting operation and this could mean that the
axis of the plug wes hot coincident with the axis of the.hole. Then,

under th;s conditioé, when thg cylinder and the Plug were machined, the -
disk could end up with non;parallel faces. The effect of thisiis ana-

lyzed and discussed in detail in Appendix E.

The capper d&linder was'placed between the transite disks to

. [
insulated ends and the length used, it is expected that the region in

‘

_ the vicinity of the heat flux meter was undergoing the same boiling

3
almgst eliminate the heat trénsfer on the end flat faces. With these s §
t * ‘

phenoména_as would be experienced by a long calandria tube. The angular
locatioﬁ_df the heat flux meter could be éhanged easily to. one of seven

different gﬁgles bg holding pins located in twelve holes in the transite
" end plates. RTV 899 Silicone Rupber (Dow Corning Corporation) was used

to join the traﬁsite disks and the copper cylinder. It also provided

an extra resistance to heat losses on the ends. A steel frame FgrmJy"

held the assembly as well as providing an easy way to handle the copper
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block. The thermocouples were connected as shown on Figure 3.1 to
simultaneously provide the tefmperature difference between the centre
and the edge of the disk end also the temperature of the block. The
hole from which the thermocouple w}res protruded was filled with RTV.
R layer of RTV was also put on the bare wires near the cylinder surface.
3
Shielded thermocouple le;d wires transmitted the voltage signal from
the thermocouples t6 transmitters which in turn converted the voltage
signa%s to milliampere aignalé which were transmitted directly through
ani1i-pair shielded cable to the A/D input terminal on a Dats General

Minicomputer where the signals produced voltages in the 0-10 V range.

Appendix F describes the system used for data acquisition and analysis.

3.1.3 Steam‘Injéétiun System
Y

-

" Gne part of this experimental pro ject dealt with the effect of
live steam injection undernesth a single copper cylinder or the tube
bundle undergoing quenching. The objective of this study was to’étqu
the influence of vapour (steam) impinging on the.underside of the cylin-
der and the flow of steam over thé cylinger on the boiling heat transfer
coefficients. A diagram of the experimental system is shown in Figure
3.2. Steam from the 100 psig laboratory supply line was throttled by a
contrul valve to maintain any desired pressure upstream of a sonic ori-
fice (0.635 cm diameter). The steam flow rate was calculated from the‘

following equation(B13);

\/?’Mw | 2 ]Ly’il Po . -
oW:A . i .
oy N5 (31)

for Pupstream 2 0-5 Pdownstream
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The orifice coefficient was determined experimentqlly to be very near
unity.

- The steam was uniformly distributed over the length of the
cylinder by employing an expansion piece which has an opening rectan-
gular cross-section, 10 cm long by 0.5 cm wide. The distance between
. the steam sparger and the cylinder was adjustable from O cm to 32 cm.

The whole system was contained in a 140 liter plastic tank fillled with

water.

3.1.4 Experimental Procedure

-~

The copper cylinder was heated in an e}ec&ricgily-heated'oven
to a temperature varying between 200°C to 3OD°C, depending on the level
éfﬂ;ubcodling. A flow of nitrogen was admitted to the oven continuously
to minimize oxidation of the cppper. The copper cylinder was removed
and quenched in the tank of water at the desired level of subcooliné
(up to 309C). Readings of the block temperature and the.disk tempera-
ture difference were recorded continuously by the minicomputer. The
relatively large mass of copper meant that it cooled relatively Blowiy
and thus it was expected to’represent steady-state boiling.- In a typi-
cel experingnt under saturated conditions, the temperature of the cepper
ctylinder dropped from 215°C to 455°C in about 30 sec.; from 155°C to
115°C in about 13 sec. and f‘inally From 115°C to 104°C in about 40 sec.;
these time perioda correapond to the transition boiling regime, the
reglon of critical heat flux and nucleate boiling regime respectively.

It is implicitly assumed that the hest transfer coefficient at the disk

surface at one particular time is the same as that which would be
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obtained at the same surface temperature in a steady-state situation..
During quenching the boiling curve was obtained from the transition
regime thr0ugh to the nucleate bolling regime and included the critical
heat flux. Dne boiling curve was abtained from each quenching experi-
ment. The angular location of the heat flux meter was changed in a
random fashion after carrying out two duplicate experiments at the same
angle. {ne boiiing curves were determined at seven different angles
uniformly distributed from top to bottom of the cylinder (BDQ between
zach point).

At each experiment the copper block was exposed to air during
the period required to tranafer the cylinder from the electrical furnace
to the quenching bath. Unfcrtunately, this led to some oxidation of the
copper surface. Excessive oxidation was found to lower the boiling
curve; hence it was neceesary to polish the cylinder,lightly with &/0
grit emery paper and to carefully clean the surface before each twc or
three runs to remove the small amount of oxide Fcrmed. This procedure,

in accardance with the results of Veres end Florschuetz(V1), shauld

give data that are equivelent to steady-state resulfs. In an attempt

to alleviate this oxidation problem, the surface of the copper cylinder

was chrome-plated and nickel-plated (thicknese of about 0.0005 cm or
less). This treatment led to other prcbleme which are discussed later.
The distilled water in the tank was changed after every Pive or

six experiments.

3.2 Apparatus for Steady~State Calibration of a Heat Flux Meter

To verify the pseudo-steady-state assumption imposed on the heat
| ) : .
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flux meter used in a transient experiment and alsc to find if the cri-
tical heat flux obtained from unsteady-state experiments was the same
as the one which would be obtained from steady-state experiment, a
steady-state experiment was designed. It also served as an independent

check of the calibration procedure for the-heat fiux meter.

3.2.1 Description of the Experimental System

-A 12.7 cm in diametér cylinder, whichNhad been’calibrateﬁ using
the unsteady-state method, was drilled with fourteen holes (1.267 cm
diameter by 6.35 cm-long) according to the specifications shown on
Figure 3.3. Fourteen "Firerod" cartridge heaters (1.260 cm diameter)
were placed insiqe the holes and provided the energy reqﬁirement for the
beiling process. Each heater has 500 watt cspacity at 220V. The power
input to each set.of five hesters was controlled by & powerstat thans-
former. Four cépper-constqntan thermocouples were inserted in the
blocg to éecurd the temperatures at different locations.in Qhé qyiinder.
Dﬁly the active area aubtendgd by an angle of 76° and 5.1 cm wide was
used in this expérihent because of - the power %imitétion. The heat flux
meter was located at the centre of this boiling heat transfer area.

A set of boiling chambers, as shown on Figure 3.5, made of
. copper plate, was constructed to feed the water_%é the surface under-
going boiling and to collecﬁ the vapour,emahatigg from the surface and
tréngmit it.to a.condenser. The system was designed with two boiling
chémbers._ The outside boiliéé insulated the inner chamber from heat
loss and prevented condensation on the walis of the inside chamber.

This design was.a%su chosen pn_elimiﬁate-the edge effec£ on the boiling

2
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process and have s more accurate reading of the prevailinn averaqe heat
Flux on the surface. The outside chamber was made up of two sections
joined togethetr with flanges and sealed with a neoprene gasket. The
bottom section of the outside boiling chamber was 5.1 cm wide by 7.62 cm
long by 1.3 cm high as measured from the top of thg cylinaer. It fol-
lowed the curvature of the copper cylinder and was attached to it w?th'
RTV Silicone Rubber (Selastic 899 Dow Corning) which also prevented
water leakage from the system. Tﬁis design allowed relatively easy
cleaning of the heating. surface pfior to each experiment. Fok relative
dimensions of the system the reéader is referred to Figure Bth. The
inside boiling chamber was separated from tge_outside chambers by an
* all around gep of 0.65 cﬁ. At the bottom end,'it followed the contour
of the cylinder at a distance of 0.32 cm from it. At the'top, it was
joined to a 2.5 cm. copper tube which Qas in tu;n connected to the
condensing system. .
The water wag'Fed at near saturation to the outside chamber and

'alloyed to Flou.to the internal chamber by & series of holes at the
bottom of thé inside chamber and through the circular gap between the.
top of the cylinder anq the iﬁsihe boiling chamber. .The waterglevel
was maintained at a height of 15 cm to 18 cm during operation as indi-
cated by a sight glass; the water Flow was manually controlled. The
" water used wes double distilled énd deionized. .

- The system Qas equippea gith two sets of condensing system, one
for the inside cﬁamber and ané for the, outside chamber. The whole sys-
tem was well insulated with fiberglass insulation to minimize heat

losses. . .




3.2.2 Experiméntal Procedure

The boiling surface of the copper cylinder was first polished
with 4/0 grit emery paper and cleaned with scetone. The apparatus was

then assembled and insulated. Oeionized double distilled water was

used as the boiling liquid. The water was heated and fed to'fhe system .

at almost 1ts bolling point. During the operation, tﬁe liquid ISEel
was maintained at apout 15 to 18 cm abave the cylinder:

-The electrical. power was set at a desired value and when steady~
state was achlieved the condensate.was collected over known time interval
for both the inside and the'outéidé boiling chémberst The heat flux
" meter temperaiure and the temperature difference on the disk were re-
corded over the same time period. The experiment was repeated for ‘g -
number of difFerént power 1npups to cover the nucleate boiling portion
of the boiling curve, including very close to the critical geat flux.

It was quite common, whén operating at high heat flux densities,
‘for the temperéture of the cylinder to rise to quite high values. In
thoée cases, the power was immediately turned off and the cylinder was
.allowed to cool to a temperature lower than the temperature at which
CHF occurred; the experiment was then continued at a slightly lower
power input..

v

The heat flux meter response and the rate of condensate provided

>

& steady-state calibration factor at every point on the boiling curve.
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3.3 Apparatus for Unsteady-State Experiments in Tube Bundles

3.3.1  Description of the E;Egrfmental System

One of the main objectives of this research projectets to pro-
vide the boiling curves on & 12.7 cm in diameter tube which is located
somewhere in a bank of similar tubes hndergoing the same boiling phe-
nomena. To accomplish this, a steel Frame? as shown on Figure 3.6,
was built to support .up to 15 copper cylinders (similar to those de=-
scribed earlier) on a pitch-to-diameter ratio of 2.18. The centre col-
umn was composed of copper cylinders, each instrumented with a heat
flux meter which was.calibrated individually Sy means of a set of

unsteady-state experiments. The bundle could be moved quickly up and

down by a pneumatic hoist. Lateral movement of the hoist was eFFgcteﬁ

. by a uheeled carriage which moved on a I-beam which whs fixed in the

ceiling of the laboratory. This allowed the bundle to be removed from

a special oven, which was speciaily constructed for this experiment,

to a quenching tank. _This rectangular aluminum guenching tank was

91 cm long by 61 cm wide by 152 ctm deep; it has a maximum capacity of

about 850 litres. - A viewing window, 32 cm wide over almost the Fdll

height of the tank, was mounted on the front of the tank and it allowed

observation of_tﬁe Eoiling phenomena during the guench. The complete
tank (except the viewing window) ua; well-insulated with about 7 cm

af fibérglass insulation. An aluminum freme was built aﬁd installed

in the centre of the quenching bath to guide the bundle aﬁd‘posi£ion

it in the middle of the tank. It also inhibited any movement and oscil-

lation of the bundle during boiling.

e ot et i e w3 it e P s —
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Figure 3.7 shows the quenching bath system. The watér'uas
pumped from the bottom of the tank to the tube side of a shell and tube
heat exchanger and returned at the top of the water tank. ‘Steam was
introduced on the shell side. The temperature of the water at the
exit of the exchanger was control led by 8 pneumatic controller-steam
control valve system on the exchanger.

The tank Qas filled with fresh tap water before each experimen£
and discharged'to the drain inﬂEdiateiy after. Initially.distilled
water was used but the capacity of the(di§tilled water supply was in-
sufficient to sllow fresh water to be used for each egperiment. In
any event, it was not possible to detect any difference between tap
and distilled water. >

An electrical furnace was constructed to heat up the copper
cylinder bundle. This oven and its auxilliary equipment are shown on
Figure 3.8. The floor of the furnace was made ub of specially hard
insulating firebricks to support the weight of the bundle. The four
vertical walls of the furnace were made up of soft refractory firebricks
(Kaiser M-28). .The top of the furnace was closed with a hinged lid
which was made of fiberglass woonl insulation in an aluminum sheath
casing which héd the dimension of the outside of the Fu£nace. This
1id was opened m#nually with a rope and a pulley. The outside of the
furnace was enclosed in an aluminum box; the gap between the aluminum
box and the brick walls was filled with spin silics wool. fnsulation.

‘A steel frame was bullt which containéd rings to accept the transite .
. end pileces which were giuéd to the ends of the copper cylinder. This

frame was held in another steel frame in the oven to enﬁere that the

Fras
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/{:::gpdle from touching t

The heat was provided in the furnace by nichrbme heating strips

heating elements.

_which were esnchored to the inside brick wells. Grooves were cut into
L4

the brick wall to acoépt these heat;ng strips.and stainless steel wire
held theﬁ in place. Power was 9upplied’to the system from‘an A.C.
welder at about zs,km. With this power, the heating period was about
two hours. '

Thekfurnace was also equipped with a blower which circulated
the gas within the furnace in an effort to distribute.the heat evenly
through the oven. The gas wes withdrawn from the top of the furnace and
returned at the bottom through a T-junction to both sides of the fur-
nace. This return Flny could be distributed unevenly if required by
adjustipg two dampers in the return lines. The blower'ﬁrive shaft
was equippeé with an ailécooled_seal to prevent any air from being
suckeé into it. The cooling oil was pumped from a water-cooled reser-
voir."

Oxygen was removed from the fuénace by a constant’nitrogen
purge containing about 2% hydragen. Residual oxygen was remaved by

‘ reaction with hydrogen; the red hat nichgﬁme,heaters were assumed to
effectiyely catalyze the hydrogen-oxygen reaction. The gas mixture

was introduced at the top or bottom end distributed through two large

- pipes drilled with 0.3 cm holes.

3.3.2 Experimentél Procedure

" The procedure used here waqgagsentially the same ss the ork
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used for a single tube experiment. Before every experiment the 15 cop- 3%
per cylinders were polished with a 4/0 grit emery paper and cleaned %%
! ég;’;’a
with a soft cloth saturated with acetone. Before they were placed in . ?ﬁ
the oven, gll the tﬁermocoug}es connections were verified with an

ohmeter, to detect any 1mpruher connections.

The copper cylinder array was then transferred.to the oven, the
1id closed and the oven was purged with & high flow of nitrogen gas for
about 5-10 minutes before the power was turned on. The nitrogen-hydrogen
purge stream was maintained at.92.5 and 1.85 liters/min. respeétively
(rotameter settings of 38 and 9) during the heéting_perioa ‘(550 A, 25 kW
power rate). The gas blower was.then turned .on along with its associ-
ated oil cooling system and oil-water exchange system. During the heat- ;
ing period, the gas flows were periodically checked while other func-
tions were accomplished:' calibratio% of the thermocouple transmitters, ;'
washiné of the gquenching bath syetem and periodic recordings of the
temperature distribution in the arréy. "

Fbrty five miﬁutgs before the experimént, the quenZhing bath
was Fiiled with tap water and heated*to‘the desired temperature. It
required approximately 20 minutes to fill the tank with water and about
the same period to bring it to the desired temperature. Ten minutes
priqr to the experiment, the computer program &sed for data acquisition .
was loaded in tﬁe minicomputer and initiayed, The number of_heat flux
meters and the number of individual temperatures which werg to be read
or feﬁ to the computer uére required to be. supplied at th;_initiatiOn

of the program. Just before the afray was quenched, the power to the

oven, the fan and the steam supply to the heat exchenger were turned of f',
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Thg;bundle was then removed from the oven and transferred to
its position in the'track above the quench tank (ca. 20-30 seconds)
and then lowered quickly (ca. 4-5 secondé). The respénses from the
thermocouples were recogded continuously (averaged over -0.1 second or
1 second intervals depending upon the cooling rate) in the minicomputer.
Thesevreéponses were then converted to engineeripg units and outputed
to a teletype,.a line printer or to & disk file. The actual cooling
rate depended on the initial temperature of the cylinders in the array
.and the degree of subcooling of the quench water, but usually it re-
quired less than 60 seconds to compléte the coo;ing when the water was

séturated at the outset.

3.4, ' Apparatus for Steady-State-Exﬁé}iments in Tube Bundle

The purpose of this expérimental paft was to afquire some kno@l-
edge concerniné~the steady-state boiling heaf transfer‘performance to
be expected on a é.é? cm 0.0. éube located in a Bundle\bf similar tubes
'submitfed to the same Experimental éonditiOns. This information should
add some additional evidence and information of the boiling heat: trans-
fer results obtained from the quenching experiments. .

-This section describes the apparatus used in this study, dis-

cusseé the choice of a boiling liquid and finally outlines  the experi-

mental procedure used in this study.

3.4.1 Déscriptiun of the Experimental System

The system was designed to cbtain a boiling cﬁrve which would

cover all the boiling regimes, from the nucleate boiling regime,
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including the critical heat flux to the low film boiling regime. Elec-
trical heating was rejecteé because it is def;nitely not suited for work
in the transition boiling. regime. ’;nstead, a steam-heated, horizontal,
thick-walled copper tﬁbe was used as the heating surface. This type of
heat source had the advantage that the tube'wall temperature can be
controlled to any specified value by controlling the pressure of the o
candensing steém. This meant t?at bciliﬁg heat fluxes in all regimeé,
including‘the trensition regime could be measﬁred; the apparastus also
allows the critical heat flux toibe well defined. -
The expeximéntal system is shown in Figure 3.9. It consisted

of a boiling and & conden?ing system with the condensate returning to
the boiliﬁg chamber. The boiling chémber was rectangular (91.4 cm higﬁ
by 30.5 cm wide by 30.5 cﬁ de;p) and made of/carbon steel; it was
equipped with liquid leyél sight glass alonb with two 7.5 cm diameter
viewing parts. The entire boiling chamber was insulated with 5 cm

thick fiberglass mats. Twe rectangular blank flanges were drilled '

with twelve 2.57 cm diamefer holes. (4 ‘rows of 3 holes) on a square

pitch with a pitch-to-diameter ratio being the same as that in the

CANDU reactor. These flanges were bolted to the front and back.walls-
of the chamber and covered the‘Iarge rettangular. hole in each of these.
faces, as shown in Figure 3.9. Four small Flan@ea were also constructed;
two with a single hole and the other two with twelve holes (see Figure
.3.10). A flange system was ugeﬂ to maée this equipﬁent as‘modﬁlar as
possible. This construction é{lowed the testing of a single tube dr

a bundle of the same tubes; hence, the boiling characteristice of each

tube in the bundle could be tested and evaluated and then compared with
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the observed. characteristics in the bundle. The pitch-to-diameter
ratio was vafied by simply changing the flanges and not the whole
hgiling.vesselz .

Heavy walled‘cnppér pipes (% in., schedule 80) were chosen to
minimize temperature differences around the circumﬁerence of the tube
and alleviate the problems associated with the widely Fldctuating heat
Fiuxeg in the transition boiling regime which have been alluﬁéd to by
Hesse(H3). Preliéinary tests with an unplated copper pipe showed de-
terioration of the boiling surface due to excessive o;idation and con-

tamination. The copper pipe was theq chrome~-plated to minimize fouling.

A preumatic control valve in the steam line, regulated by a pressure

P “controllgf, kept the hé%ting system at a constant pressure and there-

and the other for the two outside tubes.

fore, at constant outside wall temperature. A copper-constantan thermo-
couple was .inserted in a groove milled half way along the'copber pipe.
The thefmocouple was insulated with RTV 899 Silicone Rubber (Dew Corning

I ’

Corporatiaon). fhe cundensing steam was removed Fronnghe system through
a float-type s%eém trap and subsqueﬁtly cooled to avéid flashing prior
its collection. When twelve tubés were tested, the steam_préssure of:
each row was céatrolled indiviﬁually from the others. The condensate
Fcf a row qu cnllgcted u;th two steam traps; one éor thé centre tube .
"The vaporized heptgﬁglfroﬁ the boiliﬁg‘chamberjwas cnnﬂevged in
a set of two parallel heat egchangers and returned to the boiling cham-

ber. The areas for the two heat exchangers were 1.8 e and 1.2 me,

g
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3.4,2 Choice of a Boiling Ligquid

The liqﬁid must be chosen such that it is possible to obtain a
boiling curve which would include the nucleate boiling regime, the
critical heat flux valpe, the transition boiling regime and, Eossibly,

a portion u% the film bolling regime. Thgrefore, the bolling point of
the 1ligquid muif be high enough to permit operation in'ghe nucleate
boiling regioﬁ with a steam pressure gféater than atmaspheric. On the
'6éher hand, to obtain the critical heat flux and the transition boiling
;egime. the boiling temderature must be low enough to be attainable
within the limits_of the steqm supply pressure. Moreover, the critigal
heak flux must be low enough that sufficient steam- ia available to
supply the heat required As the average wall superheat at the crit1-
cal heat Flux is about 30° C, an ideal boiling point would be in the .
range of 85°C to 110°C. a . . y

There are therefore, three limitations imposed by the system:
Steam preséure, maximum steam flow rate and the capacity of the con-
dprsing system. The steam pressure determines the wall temperature and

5 impl;iitly considered %n the boiling point consideration. The steam
floo rate is a:measure of the heat supplied to the bofling liquid;
therefore, thg éritical heat flux value of the boiling'liqu;d must.not

exceed the steam supply capacity. The maximum steam flow rate available

is about. 160 kg/hr so that the critical heat flux value must be smaller s

“than about 30 m7cm2 if a bundle of ‘twelve tubes ig to be used.. A stain- .

less steei.condeneer Haviné gn area of 1.8 m% was available and its

capacity depends on the vapour to be condensed; hence only after a

1 S
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liquid was chbsen could the candeneer perfu}mance be evaluated. Another
aspect po be considered in chooeing a sultable liquid was the safety
aspects both mtte respect to flammability and toxibity.

Of the liquids considered, heptane aetiafged the criteria the
best. It was then determined that the eondenser could probably just
oﬁerate satisfactorily under the conditions envisaged. It is worthwhile
to mention at this point that it was necessary to add another condensing
sygtem in parallel with the original one even though celculation of the
area required indicated that the system was more than adequete for the

condensing duty involved.

3.4.,3  Experimental Procedure

Heptane was introduced 16 the boiling chameer. ThHe level of
liquid was meinta}ned at approximFtely 6 cm above the top copper tubet
The steam pressure was first adjué%ed to sbout 200 kPa to bring the
heptane to its boiling point. WHen the system achieved steady-state4/
the steam pressure was chenged. At each setting, -the volume of con-
aensate over a given collection, time interval, the(s%eam pressure and.
the wall temperature were recorded for’ each centre@pube. The. first
threF measurements provided an average heat flux on each tube surface.
' Thie value coupled with the aurface temperature gave a point on the
boiling burve. As a convenience, Figure 3.11.uas ueed to calculate
heaf flux values quickly.‘ This immediate drawing of a rough boiling
curve gave a'good<inEicatiun’of what the new pressure setting should
be to fill in the apprepriate values on the curve. More points were

T 4

taken in the region of thé critical heat flux as it is the most
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important esspect of this study. UWhen four rows of tubes were used, the
preséure setting on each row was set individually to provide a uniform
wall temperature throughout the bundle.

At the initiael stage of this experimental prugrém, the boiling
liquid was distilled after each run'td remove any impupitiea.that arase
during the boiling process. It was found thét after several hours of
buili;;, the heptane took on a faint yellowish colour (probably from
the neéprene o-finga used as seals) and upon vaporization left this
residue .on thz surface qf’the tube. The_surface of @he copper tube
was also cleaned with acetone prior to pach set of experiments to re-
move any fouling. This problem'diaéppeared during the final stages of
this experimental'program because the neoprene o-rings and seals were |
replaced with teflon cord (GORE-TEX Teflon Joint Sealant, Anchor Packing
Co. Lta.).

| " After gacﬁ experiment, the date were analysed on a computer and
the boiling curves were drawn. Reproducibility was tested many times
with a given tube and was found to be’ very good.

In this chapter, the description of the various equipmenis and
£he experimeéntal method were presented. In the nextichaptefs, the
results obtained with each of these apparatus will be presented and

discussed. .




CHAPTER &
HEAT FLUX METER CHARACTERISTICS AND ANALYSIS

To determine the boiling heat flux density around large hori-
zontal cylindgrs, a need was established for a local heat Flux meter
which would respond essentislly instantanecusly to the local heat flux
which existed at the point in question. such a meter has been con-
structed by modifying one which was originally suggested by Gardon(Gh4).
This modified meter was used effectively previously by Dernedde(b1) and
Rao(R2) in their experimental studies on the botling of turbulently
flowing liquid films. Since that time, fabricdation and calibratiuﬁ
te;ﬁniques have been perfected and its pérformance has been studied

in detdil. This is reported in this chapter.

4.1 Experimental ‘System

a
N

The experiment 1nvolved guenching a 12.7 cm diameter by 7.62

. long copper ;ylinder, which Had been previously heated to about ZSDOC,.
into 2 tank of water which had been heated to a desired subcpoled of
saturated boiling condition. The response from a heat flux meter wh@cﬁ
was fabricated at a pafticular point iﬁ the cylinder was then trensmitted
_ta‘and stored in a minicomputer ét specific time intervals and a boiling
curve was obtained.

Copper cylinders were used to provide a'cylinder with a high

. 3 . ’
thermal conductivity in order to minimize thermal gradients within the
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cylinder, thus Eneuriﬁg that the bolling heat flux at the surface was
not l1imited by conduction within it. Anomelous behavior was observed
if an appreciable oxide layer was allowed to accumuiate on the surface.
'Indeed, this experience asnd that with chfome—plated tcylinders suggests
that much of the controversy relating.to the differences observed be-
tween steady-state and unsteady~state boiling heat transfer can be
traced to the surface thermal resistance offered by either ﬁxide layers
or electroplated surfaces or the internal conduction problem., In this
project, the cylindeéa were heated in a nitrogen atmosphere and any
thin oxide layer that resulted from continued use was removed by light
cleaning with fine (4/0) emery paper. | |

The cylinder was equipped with a heat flux meter of the Gardon
type. This heat flux meter required that a thin disk of suitanle .iial
be b;ilt into the heat trans%er aurface; In the originsl design(G4),
£he disk waé madg 0% constantan; one copper wire was BOldede into the

centre of the disk and one was attaghed to the copper body onto which

the foll was mounted. ' )

¢

By a sinple one~-dimensional ‘conduction analysis oq/the disk,
sgsuming an insulated inner (lower) face of the disk and radial heé{

flow only, the average heat flux density over the'outé; face of éhe '
disk can be relsted to the centre-to-edge teﬁperature/diFFerence, AT,

by:

4Kk AT : ~ .
(q/A) = > (4:-)
’ Ro . . .

where t¢y and Re are the thickness and radius of the disk, respectively,
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This original design was modified for use in high heat flux
density situations as exist under beiling conditions by making the
heaf flux meter an integral part of the cylinder. The detailed con-
struction of the heat flux meter is contained in Chapter ? and 8 de-
scription of the problem encountered in its construction are outlined |

‘in Appendix E.

4.2 Factors Affecting the Design of the Heat Flux Meter

To use this heat flux meter in this unsteady-state boiling
application, it must be designed with the following factors in mind:
(1) The heat flux meter mist have a very fast responﬁe time.
Gardon(Gh)uhas shown how the time constant of these meters varies with
the dimensions and the thermal diffusivity of the meter material.
Dernedde(D1) has shown that with reasonable dimensions, the time con-
stants for copper heat flpx meters are of the order of several milli-
seconds.

(i1) The radius of the disk musf*be of suFF;cient size to be repre-
sentétive of the avefade heat flux conditions exi%}ing under thg condi-
tions of the experiment. In this case, this meang_that it m;st.éontain

sufficient nucleation siteé t0. be representativé of the average boiling

behaviour existing for the wall tempepaturé condition. It is not known

a ﬁriqri how many nucleation sites are reguired.

(i11), Since the bolling heat flux density is a strong function of
the wall temperature, the tenperéture‘yariation from the edge to the
centre of the disk must be relatively}small, even at the critical heat

flux condition. In this project, the temperature difference between

~
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edge and centre wss designed to be no more than 10°C at the critical
heat flux condition. This means that it i1s necessary to measure rela-
tively small EMF's quite accdrately since heat flux.varies 100-fold
dgring a quenchihg expe¥iment.
(iv) The choice of material is also extremely important, not only
for the need of a metal with a high thermal cénductivity-buf also that
the body should be mad; }rnm the same material as one of the connecting
wires. For convenience this should be a conventional thermocouple
msterial. In this project, the disk aﬁd the body were made of copper
and the three comnecting Qirea on the disk were made of canstantan.
In the present use ‘of the heat flux meter, the material of the
disk was fixed by the need for a cylinder which would not have the heat
Flux arod;d its boundary limited by internal eonduction, herce tne use
of caopper. Previous'experience(01) indicated Fhat 8 disk didmeter of
0.397 cm (exact rqdius fixed by avéilablg drill sizeé) gave results
which representgd builing heat transfer quite well. The qisk thicﬁpess
was thus fixed by the need to keep the edge-to-centre temperature dif-
ference within the defimed limits. In.thése experiments it was nami-

r

nally 0.051 cm. )

4.3 Experimental Pfocedure

%
The instrumented capper éylinder was heated in an electrical

oven to a temperature between 200°C and 300°C depending upon the level
of subcooling of the quenching bath. The respoﬁge of the heat flux '
meter during queﬁching was recorded using a nminlcomputer; the signals

were read at a rate of 100 values per second and averaged over a

-
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specified time interval depending on the level of heat flux st the
surface. Typical curves obtained with this averaging procedure are
presented in Figure 4.1. For more details concerning the experimental
procedure the reader is referred to Chapter 3.

One boiling curve was obtained from each quenching experiment.
The ahgular location of the heat flux meter was changed in & random
fashion after carrying out at least two replicate experiments at the
same angle. In this series of experiments, boiling curves were deter-
mined with the meter located at seven different szimuthal angles (0, 30,
60, 90, 120, 150 and 180°). Reproducibility of the data was good (about
10-15%) as long ss the oxidation of the cylinder was slight. This oxi-
dation problem was alleviated by using moderate preheat temperatures
and the nitrogen environment in the oven and periodic clearang of t-e

boiling surface.

4.4 , Calibration of the Heat Flux Meter

Although, in theory, the heat flux meter can provide a direct
measure of the instantaneous heat flux density for any glven average
wall temperature, in practice, each meter requires calibration to
compensate for uncertainties which arise in Fébrication, such as:

(1) The heat flux meter may not be constructed according to speci-~
fications, that is, the thickness and radius may differ from specifi-
cation and/or the thermocouples may not'be located exactly at the de-
sired points nor recording the expected temperature. For instance, a

few of the heat flux meters were sectioned by machining. This problem

is fully discussed in Appendix E (photographs are also shown). In
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summary, it wss discovered with one that the silver solder ran down the
wire and made a junction somewhat below the disk on the wall of the
hole.
(11) When the copper plug containing the heat flux meter was press-
fitted into the cylinder, it is possible that the axis of the plug was
not exactly parallel to the axis of the hole. The subsequent machining
operation would then produce a disk of non-uniform thickness. It was
shown by a conduction analysis employing an implicit finite difference
method @ppendix G) that a tilt of only a few degrees could induce quite
different edge-to-centre temperature differences depending upon which
side thermocouple was used. Such differences were observed experimen-
tally. Experiments did show, however, that although the calibration
factors were different, the final calibrated heat flux reswlts were the
same regardless of which actual temperature differences used. For more
details concerning this numerical method, the reader is referred to
Appendix G. T
Because these defects can be introduced aquring fabrication it
is imperative to callbrate each heat flux meter. Two separate ways
were used to obtain a calibration factor; another indirect methoa was

also used to check it. These are discussed in turn.

L.4.1 Unsteady-State Calibration

) .

A calibration factor (CF) of a heat flux meter cuh be obtained
by comparing the total enthalpy loss from the cylinder, over the dura-
tion of the experiment, with that obtained by [ntegrating the measured

(spparent) local heat flux density over the tgtal heat transfer area
\\\\
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and over the guenching time, viz.:

t
Q= pCAV(Ti=TH) = [[*(CF)- (a/Algp, dA 0t (4-2)
A

The apparent heat flux density is calculated by Equation 4.1,
assuming a uniform average heat flux density over the disk. The inte-
gral is evaluated numerically by assuming the calibration factor is
constant (iégépendent of heat %lux) and the measured instantameous heat
flux density at any angle is symmetric, uniform over the length and
pertains over an angle of *15% from the point in question. Becsuse it
was practically impossible to start all experiments for each angle at
the same time, a direct integration of the hea? flux density was impos-
sible. Instead a discrete summation over the seven angles used was
performed. A complete description of the unsteady-state calibration
is presented in Appendix H along with a variance analysis oféghe cali-
bration factor. This calibration procedure, although producing differ-
ent calibration factors for different meters, did provide excellent
reproducibility of the boiling heat flux densities from one test cylin-
der to another (within }10% in most ceses). The calibration factor was
essentially the same whether it was evaluated under saturated or sub-
cooled conditions. The average variance of the calibration factor eval-
uvated by this method using only one experiment at each of the seven an-~
gular locations was about 3%; if two experiments were used the variance

<

on the calibration factor was roughly 0.4%.
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4.4.2 Steady~State Calibration

As a check on this procedure, the steady-state experiment, as
outlined in Chapter 3, was designed to determine the calibration factor
for a particular meter directly. After the calibration factor had been
determined by the indirect unsteady-stage method, the cylinder with its
meter was used in a steady-state bolling experiment. The copper cylinder
was drilled to allow the insertion of fourteen, 500 W, 230 V cylindrical
heaters which were used as 8 heat source. A complete description of the
experimental system was presented in Chapter 3.

The condensate collection rate gave a direct measurement of the
average heat flux density on the boiling surface. The directly measured
heat flux density could be compared to that fﬁdicated by the heat ©!._«
meter and a calibration factor determined. .

Unfortunately it was found by direct observation of the boiling
phenomena that the heat flux density in the immediate vicinity of the
heat flux meter was considerably lower than that which occurred over
the reat of the surface. A conduction analysis of the temperature field
in and around the heat flux meter was performed by solving the Laplace
equation in a finite difference form. The heat flux density variation
with local surface temperature as determined with the calibration factor
from the unsteady-state method was taken into consideration in ‘the solu-
tion. Appendix I contalins & description of the methad of solution used
to obtain the temperature distribution within a heat flux meter and its
vicinity. Figure 4.2 shows typical temperature, distributions obtained'

with this analeia. This study indicates that the temperature on and
;
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in the immediate vicinity of the disk is lower than that at some dis-
tance from the meter; hence the average heat flux density over the
meter is considerably different from that over the main surface and

the calibration method failed. A temperature depression around the heat
flux meter may also occur because of some thermal contact resistance
between the plug and the cylinder. On the other hand, this effect
becomes less severe as the average heat flux density over the surface
becomes less and should disappear at zero heat flux. Therefore, the
apparent calibration factor at each measured heat flux was extrapolated
to zero heat flux. This extrapolated calibrafion factor was then com-
pared with that obtained by the unsteady-state method and excellent
agreement was found. Appendix J presents the results obtained with
Block 14 and 15. 1In both cases the calibration factor was the one
which was expected.

It should be emphasized at this point that the effect observed
during these steady-state experiments will in no way invalidate the use
of the heat flux meter during the guenching experiments since the area
surrounding the heat flux meter willaregister a lower average tempera-
ture just before the rest of the cylinder. €E£ach local area will still
exhibit the boiling phenomena corresponding to the local temperature
condition. Since the surface temperature will be different over the
meter and its immediate surroundings, some unknown averaging of the heat
flux density by the meter will occur. This will be particularly impor-
tant at the critical heat flux condition. The conduction analysis re-
ferred to Appendix I suggests that the heat flux registered by the

meter corresponded to the average temperatbre of the disk (average
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between thé’edge and the centre temperature).

These steady-state experiments also provided some valuable in-
formation. The copper cylinder was submitted to & deliberate tempera-
ture runaway, that is the cylinder went through the critical heat flux
to low heat flux densities of the transition regime. The response of
the heat flux meter was measured with the minicomputer. The power input
was turned off as soon as the cylinder passed through CHF and the cylin-
der then slowly cooled down by going relatively slowly through the CH.
The respdnse of the heat flux meterhmas also recorded with the minicomputer.
Results of this study are presented in Appendix J. These results show
that the transient CHF obtained with this method is the same as the one
which was aobtained in the single unsteady~state experiment. The CHF
is the same whether it is approached from the nucleate regime or the
transition regime, threFore showing no hysteresis in the boiling curve.
Moreover, the CH occurred at the same temperature. The cooling from
the transition regime to the nucleate boiling regime, following a
temperature runaway, was extremely slow and nevertheless has the same
CH value as in the unsteady-state experiment where the cylinder cooled
much Faster. This tends to prove that the critikal heat flux value
obtained in this study is the same as the dne which would be obtasined
in a steady-state experiment as it is independent of the cooling rate

of the cylinder, at least over the range of cooling rates observed.

[y

4.4.,3 Boiling Curve Prediction

Because of the assumptions and uncertainties inherent in ob-

taining the calibration factor for the heat flux meter, independent
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checks of the calibrat}on factor .were sought. An attempt to evaluste
the calibration factor directly from an independent steady-state exper-
iment, as seen in the last section, was not as successful as expected,
although it did suggest that the calibration factor was reasonable.
Another check of the results from the indirectly calibrated
meter was achieved by carrying out an unsteady-state conduction analy-
8is on the cylinder to predict the conling curves for particular points
on the surface of the cylinder assuming the measured boiling curves
for specific arems of the cylinder as the boundary condition. This
analysis along with the results obtained are presented in Appendix K.
At the outset, this conduction analysis was simplified by ss-

suming a uniform heat flux density over the entire circumferen.e at iy

‘instant (neglecting angular variations); thus only a 2-dimensi.aal ana-

.
L4

lysis was required (r and z directions only). An ADI (alternating
direction implicit) finite difference method was used. The assumption
of uniform heat flux was known to be invalid since severe variations

in heat flux density were observed. Nevertheless, the results of this
analysis were very encouraging and demgnstrated that it was worthwhile
improving the accuracy of the prediction. Moreover, another numerical
method based on the superposition principle was reported by Archambault
and Chevrier(A1). It was shown that this method was faster and as ac-
curate as the ADI method as long as the boundary conditions were prop-
erly formulated(T4). This methad therefore allowed the relatively easy
extension of the heat conduction analysis to the three-dimensiaonal case
thereby relaxing the assumption of unifo€m heat flux density around

the circumference. Since it accounts for the variation in the boiiing



i a3

heat flux density around the cylinder and involves three-dimensional
heat conduction, the predictions from this method sre better than those
from the two~-dimensional analysis. The details of thig analysis are
outlined in Appendix K. A typlcal set of graphs obtained with this
analysis are presented in Figure 4.3. The agreement of the predicted
and experimental cooling curves is very good and this lends credence

to the heat flux meter calibration.

This conduction analysis was also used to predict the boiling
curves for each point on the surface. The three-dimensional analysis
based on the superposition principle was used. In this case, however,
a bolling curve was sssumed for the surface mesh points and the surface
temperature at each point was calculated after a specified time step
(the experimental time between measured temperatures). If the predicted
temperature differed by more than 0.05°C from that measured, a3 new

X
boiling heat flux density was assumed for that point and the calcula- R

tion repeated. This procedure was continued through the entire quench- /)
ing time. It was observed that small errors in the surface temperatureff//
measurement led to appreciable variations in the heat flux density,
particularly at high heat flux densitles; thus some smogthing of the
experimental cooling curves was required to minimize this variation.

This was achieved by using a cubic spline data smoothing procedure(R3).

The resulting boiling curves for all the seven angular locations and for
different conditions are contalned in Appendix K. A typical set of boil-

ing curves obteined with this procedure is presented on Figure 4.3.

The boiling curves generated by this procedure compare very well with

those obtained by the indirectly calibrated heat flux meter, thus
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suqgesting asgaln that the meter calibration procedure is reasonable

and that reliable heat tranafer rates can be measured in this way.
4.5 Conclusgion

The use of a modified Gardon-type heat flux meter(G4) for meas-
uring the local boiling heat flux density around a largenQ}ameter hori-
zontal cylinder which was quenched from a high temperature in saturated
or subcooled water wes described. The calibration procedure was pro-
vided along with a detailed conduction analysis of the temperature fleld
in and around the meter. Since this experimental program relled heavi-
ly on the performence of the heat flux meter, it was the object af this
chapter to build confidence in its ability to provide good pool boi!
heat transfer data. It can be concluded that the heat flux meter ca-
be used effectively to provide reproducible measurements of the entire

boiling curve during quenching experiments.



CHAPTER 5
RESULTS OBTAINED OV A SINGLE COPPER CYL INDER

The objective of this experimental program was to study the
bolling heat transfer performance to be expected on a 12.7 cm diameter
tube located in a matrix of similar tubes undergoing similar boiling
conditions. Improved understanding and additional data are required
for safety analysis studies for CANDU nuclear reactors. A 12.7 cm cop-
per cylinder, equipped with a heat flux meter, is used to obtain the
pool boiling heat transfer curve as a function of subcooling and loca-
tion on the circumference. This technigue offers the advantage that
the actual size of the calanéria tube is used to obtain the boiling
curve. Furthermore the boiling is carried out in water, the medium in
which the boiling information is required, and therefore modelling of
the boiling process is not required to extrapoiate from one fluld sys-
tem to another. The problem, however, still remains aé to the tempera-
ture at which a particular heat flux occurs, since this depends on the
material aqF its surface condition. Fortunately, in this case, this
information is not critical:\gnly the level of the heat flux is.

This particular series of experiments achieves two goals. It
first provides the characteristic pool boiling data for any particular
single cylinder and then also a method to calibrate each individual
meter in a given copper cylinder before it is placed in the andle.

The experimental system used in this portion is described in

\
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Chapter 3 along with the experimental procedure. In summary, the copper

- cylinder was heated in an electric furnace to a temperature varying bet-

ween 200 and 300°C dépendiﬁg on the level of subcooling of the gquench-

ing bath. It was then quenched in a stagnant éool of distilled water

which had been preheated to the desired temperature. The response of

the heat flux meter was recorded by a minicomputer and in the final

analysis, a bolling curve was obtailned for,each experiment. 3
This chapter reports all the results of the experiments per-

formed with single copper cylinders. The main emphasis is placed on

the critical heat flux (CH) of the boiling curve where it is determined

as a function of angular location, level of subcooling, amount of the |

boiling surface participating in the active boiling and the influence

of vapour injection underneath a single copper tylinder. Each aspect

will be discussed in turn.

5.1 Boiling Curves

5.1.1 Boiling Curves Reproducibility

Graﬁha of Figure 5.1 have been plotted to show the reproducibi-
1lity obtained throughout this experimental program for different condi-
tions tested: Angular locatidn, subcooling and cylinder length for

various cyli%ders investigated. The reproducibility in most cases is

very good.

5.1.2 Angular Variation

Boiling curves under saturated and subcooled conditions at
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different locastions around the cylinder are presented on Figure 5.2

for varicus copper cylinders. There is a definite heat flux density
variation as a function of angular location. There is a substantial
difference in the transition regime, especislly at an angle of 30°.

The greatest difference occurs at the CH point. In the nucleate boil-
ing regime, the angular heat flux density variation disappears and the
majority of the boiling curves lie on the same line. The point of
highest variation will be considered separately when Fhe critical heat
flux values are analysed. Some explanation will be ?éovided for the

L7
extremely low CHF encountered at 30° angl

5.1.3 Influence of Subcooling

The effect of the guenching bath subcooling on boiling curves
for various copper cylinders at various angulaer locations is depicted
on Figure 5.3. It is interesting to note that under the largest sub-
cooling the boiling curve shifts to higher temperatures. Larger le-
vels of subcooling are difficult to attain because the cylinder must
be heated initially to temperatures where the oxidation of the copper
becomes severe. The shift of the temperature at which CHF occurs with
higher subcooling will be considered in Section 5.2.6.

The results are similar to Qhat is usually observed, namely
that the nucleate boiling curves are essentially the same at any wall
tenperature for different levels of subcooling, that the nucleate boil-
ing regime extends to larger wall temperatures, and that the CHF is

usually higher as the level of subcooling is increased.
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